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This research is a study of the effectiveness of the mechanical, hydroponic and software 
components of a biowall that improves indoor air quality through plant assisted 
phytoremediation. The research investigates the ability of the device to sustain plant 
health in a controlled environment over an extended period. This is because, the biowall 
has intermittent airflow through it. This airflow, has a detrimental effect on the health of 
the plants in the biowall. After studying the horticultural and mechanical aspects needed 
to operate a biowall, appropriate control algorithms were developed. These algorithms 
controlled the biowall’s lights, irrigation, and fan.  
An experiment evaluating the effectiveness of the control algorithms in sustaining 
biowall plant health then began. A temperature controlled chamber served as the location 
for this experiment. In this experiment, the health of the experiment group, that is, the 
biowall’s plants, was compared with a control group of similar plants.  This control 
group, also placed in the chamber, grew in conditions comparable to the experimental 
group. The control group however, did not have any air flowing through its substrate. 
ix  
  
The conducted experiment sought to gauge the effectiveness of the control algorithms in 
maintaining biowall plant health. This was done by comparing experimental and control 
group health on a weekly basis. The subsequent analyses helped determine the impact of 
airflow as well the effectiveness of the control algorithms on plant health. This analysis 





This chapter provides a briefly describes indoor air quality. It explains the 
scope, limitations and delimitations of a study conducted to gauge plant health and 
acclimation in a hydroponic filter designed to remove contaminants from indoor air. 
Relevant definitions have also been included. The significance of the problem and the 
need for carrying out this research are also summarized.   
1.1 Problem Statement  
According to the U.S. Environmental Protection Agency, indoor air can be two 
to five times more polluted than outdoor air. With many Americans spending over 
ninety percent of their time indoors, it seems inevitable that this air would have some 
effect on their health.  (U.S. Environmental Protection Agency, 1989) Simultaneously, 
energy conservation campaigns and increasing energy costs have led to improved 
insulation and airtightness in buildings. These practices, though intended to improve 
energy efficiency and reduce operational costs, have certain consequences. Lowered 
ventilation rates caused air exchange rates to drop to historically low levels. A lowered 
air exchange rate results in less fresh air being brought indoors. Consequently, the air 
indoors takes longer to dilute and stays trapped inside for an extended duration (Ole 
Fanger, 2006). 
2 
The consequences of these changes, has an impact, not on the building itself, but 
on the occupants of these indoor spaces. Heat loads from electronic devices, CO2 from 
humans, and Volatile Organic Compounds (VOCs) that are off-gassed from various 
chemical sources, remain trapped indoors. This results in the occupied space suffering 
from what is known as sick building syndrome (SBS). SBS, in addition to lowering 
human productivity, also results in the occupants suffering from nausea, headaches and 
dizziness. SBS affects both human health and productivity. (Redlich, Sparer, & Cullen, 
1997).   
The ill effects of poor IAQ has prompted research into new technologies that 
filter and improve IAQ (Darlington et. al., 2000). As urban sprawl continues to increase, 
it is imperative that a solution be developed to this growing problem. Recent studies 
have shown plants to be effective in removing indoor air contaminants. With an 
increasing emphasis on the development of sustainable technology, the best way 
forward, may perhaps be to integrate the natural environment with the built one and use 
it to mitigate the ill effects of the built environment.      
1.2 Research Question 
What are the watering, lighting, fertilization and substrate strategies that can 
sustain plant health in a botanical bio-filter?  
1.3 Scope  
This study analyzes a plant-growing device called the Biowall (BW) that 
improves indoor air quality through plant-assisted phytoremediation. The BW captures 
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contaminants present in indoor air and breaks them down into benign elements. The 
removed contaminants would lead to cleaner air being circulated in the indoor space. 
In order to capture the contaminants, the air that has to be pulled through the 
BW imposes a stress on the plants. This makes the BW a difficult environment for 
plant propagation.  Consequently, keeping the plants alive and growing is a concern 
that needs to be tackled before the plant associated phytoremediation can occur. This 
study’s purpose is to evaluate the BW’s effectiveness in maintaining plant vigor and 
growth through a prolonged experiment. By applying different airflow, lighting, and 
irrigation strategies, data critical to maintaining plant health can be obtained. The 
subsequent analysis will improve the BW’s effectiveness. Eventually, healthy BW 
plants, along with their associated microbes, will utilize phytoremediation processes to 
remove the contaminants present in indoor air. The subsequent improvement in indoor 
air quality and energy use through phytoremediation will provide cleaner air to the 
occupants of the indoor space, lower the HVAC system’s energy consumption, and 
create a sustainable and aesthetically pleasing indoor environment.   
1.4 Significance  
With the growing impact of global warming on the planet’s climate, it is no 
surprise that a great deal of effort is being directed to mitigate the ill effects of carbon 
pollution and create a sustainable environment for future generations. Creating this 
environment would not only require the development of sustainable technologies, but a 
more detailed look at the resource consumption patterns that first created the problem 
also need to be studied thoroughly to provide a long lasting solution. There are over 
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seven billion people in the world today and the planet simply does not have enough 
resources to sustain all of them given current resource consumption patterns.  
As the developing world urbanizes rapidly, the challenges of the built 
environment faced by developed world present themselves in these newly urbanized 
nations as well. As solutions to lessen the ill impacts of urban environments on 
individual health are sought, it is becoming increasingly clear that only those ideas that 
seek to bridge the gap between the two environments would last. In an ever changing 
climate with a dwindling fossil fuel reserve, it is clear that renewable energy alone is not 
sufficient to sustain both the planet and its population. Incorporating strategies that 
utilize the energy available efficiently, maintain a healthy environment and minimize 
environmental impact could pave the way for a cleaner and sustainable future which 
would benefit both man and nature.   
1.5 Definitions  
Bioaerosol – “Suspension of airborne particles that contain living organisms or were 
released from living organisms” (Cox, & Wathes, 1995, p. 2).   
Phytoremediation – “[using plants] for cleaning large contaminated areas of soil and 
water in the outdoor environment, especially with heavy metals, fertilizers 
(nitrate, ammonium), oil spills and solvents” (Soreanu, Dixon, & Darlington, 
2013, p. 2)  
Biofilter – “[a bioreactor] where a contaminated air or water stream is actively passed 
through a region with high biological activity where the contaminants are 
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neutralized by biological processes” (Soreanu, Dixon, & Darlington, 2013, p. 
2)  
Botanical biofiltration – “a hybrid of biofiltration and phytoremediation” (Soreanu,  
Dixon, & Darlington, 2013, p. 2)  
Energy Recovery Ventilator (ERV) – “a device that is used to bring fresh air into a 
sealed building for ventilation. The device routes both fresh air from outside 
and exhaust air from the building and exchanges the energy between the two 
streams to precondition the incoming air” (Rodgers, 2012, p. 6)    
1.6 Assumptions  
The assumptions made in this study are:  
• The environmental chamber had a temperature and relative humidity range 
comparable to the range expected in a house. 
• The transition from the greenhouse to the environmental chamber did not affect 
plant health. 
• All plants received light from the LED grow lights at a uniform intensity. 
• The SPAD meter’s reading indicated chlorophyll content in the entire plant. 
• The images from the camera captured plant cover in each tray. 
• The quality of water supplied did not change over the test period.  
• The water supplied to the plants did not affect their health. 
1.7 Limitations  
The limitations of this study are:  
• The research took place during the months of March and April 2016. 
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• The study tested and analyzed three specific plant species.  
• The health of the plants was monitored on a weekly basis.  
• LED grow lights provided all the light necessary for plant growth.  
• The study did not check substrate cation exchange capacity (CEC).  
• The study did not evaluate substrate carbon: nitrogen (C: N) ratio.  
1.8 Delimitations  
The delimitations of this study are:  
• Though the Biowall was tested in a controlled environment, the results are 
scalable to residential, commercial and industrial sectors.  
• The study tested three indoor plant species, but the Biowall does have the 
potential act as a grow bed for other plants.  
• The mechanism of botanical bio-filtration is not investigated in this research.   
1.9 Summary  
Chapter one explains concerns related to IAQ and its effects on the health of 
individuals residing in it. Plants, though capable of improving the quality of air indoors 
through phytoremediation, first need to adapt and acclimate to this altered 
environment. Their survival and growth needs to be documented and evaluated to 
assess the long term potential of botanical bio-filters that improve IAQ.  
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CHAPTER 2-REVIEW OF LITERATURE 
  The first part of this chapter describes the primary factors that contributed to the 
decline of air quality indoors, the sources of indoor air contamination and the ill effects of 
this decline in indoor air quality on human health. The second part of the review is an 
overview of the origins of botanical bio-filtration and the application of this process to 
improve poor indoor air quality. The review also includes a summary of Purdue 
University’s involvement in the field.  
2.1 Energy Use and Conservation  
In recent years, increasing attention has been directed to energy consumption 
patterns both in the developed and developing world. Though there has been an increase 
in energy consumption in all sectors, the most notable is in building energy use. Pérez-
Lombard, Ortiz, and Pout (2008) mentioned that in developed countries, building energy 
use alone accounts for up to forty percent of total energy consumption. Fifty percent of 
this consumption is solely due to the building’s HVAC system. This increase in building 
energy use led to an increase in CO2 emissions from the built environment. 
Simultaneously, rising fossil fuel prices meant that building operating costs went up too 
(Pérez-Lombard, Ortiz, & Pout, 2008).                                                                              
To tackle the dual challenge of environmental and financial sustainability, 
buildings, since the early 1970s were made airtight and energy efficient, with lowered 
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ventilation rates, thus minimizing both HVAC and building energy use. But this strategy 
came at a cost, as it was noticed that the quality of air in these buildings declined 
considerably over time. Unfortunately, the effects of this unintended consequence were 
felt, and are still being felt, by the occupants of these indoor spaces.  
2.2 Indoor Air Quality 
 Though IAQ is a topic that few people are aware of, its relevance and importance 
both in the developed and developing world cannot be understated. Sundell (2004) stated 
that, in developing countries, contaminants released by the burning of biomass for 
cooking and heating in indoor spaces is a major public health risk. In developed 
countries, most individuals often reside in ventilated spaces. In their case, air dampness, 
building materials, indoor air chemistry and the ventilation system type play a pivotal 
role with regards to their health and well-being (Sundell, 2004).   
 Fanger (2006) stated: 
IAQ has declined because of comprehensive energy conservation campaigns and 
because high energy prices have motivated people to tighten their dwellings and 
reduce the rate of ventilation, so that the air change in many homes is at a 
historically low level. (p. 329)  
Poor IAQ in buildings has led to occupants suffering from a number of respiratory 
and allergy related afflictions. Complaints of fatigue, headache and tiredness are not 
uncommon either. Poor air quality also leads to a reduction in CO2 produced by humans, 
which may cause mild acidosis (Bakó-Biró, Wargocki, Wyon, & Fanger, 2005).  
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 Redlich, Sparer and Cullen (1997) listed the primary contaminants in indoor air 
as:  
• Volatile organic compounds (VOCs), which are off-gassed from various chemical 
and man-made sources.  
• Dust and fibres from fiberglass, asbestos, dirt, construction and paper dust.  
• Bioaerosols from bacteria, molds, viruses, pollen, fungi, dust mites and animal 
excreta. Outdoor air pollution.  
• Physical factors such as temperature, humidity, noise and lighting.  
• Carbon dioxide (CO2), concentrations which increase with increased occupancy and 
lowered air exchange rates.  
2.3 Indoor Air Pollution and Productivity  
Protracted stays in spaces with poor IAQ could have a detrimental effect on the 
productivity of the individual. Wyon and Wargocki (2013) discussed the impacts of the 
indoor environment on individual performance. They noted that both temperature and 
indoor environmental quality affect the performance of subjects in indoor spaces, 
particularly if that exposure is over a protracted period. Negative environmental effects 
reduce productivity in adults by 5% in laboratory settings, 10% in the field, and most 
notably, over 20 % in schoolchildren (Wyon & Wargocki, 2013).              
 Satish et al. (2014) studied the effect of increased CO2 concentrations on the 
performance of 22 University students. He divided them into six groups. The participants 
were exposed to CO2 at 600, 1000 and 2500 ppm for three individual two and half hour 
sessions. They were given an hour’s break in between each session. The study chamber 
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where the experiment was conducted was 4.6m x 4.6m room with a 2.4 m high ceiling. 
Though there was a window in the chamber, it only allowed the subjects to look into the 
room, thus outdoor factors did not affect the study. Standard construction materials found 
in indoor environments were used for construction. The temperature in the study chamber 
during testing ranged from 22.9 to 23.1 C, while the relative humidity was approximately 
50 ± 15%.  During each session, participants were presented with a questionnaire that 
was used to gauge subject performance. The outdoor air supply rate maintained was 7.1 
liters/second, which was three and a half times higher than the minimum supply rate. The 
number of air changes per hour were seven.            
 Low VOC concentrations were maintained throughout the study (Satish et al., 
2014). Subject performance in nine difference performance criteria using the strategic 
management simulation (SMS) test were noted. Some of the limitations that this study 
had was that CO2 levels in buildings vary greatly, the subjects were mostly students, thus 
making the study hard to generalize, and there may be a number of confounding variables 
(e.g., stress and psychological factors) at work (Satish et al., 2014).                         
 A statistical analysis of the data revealed that performance was moderately 
reduced in six of the nine decision making measures at 1000 ppm and decreased 
substantially at 2500 ppm, providing enough evidence to suggest that elevated CO2 levels 
impair occupant performance. The data collected was statistically significant with overall 
p-values being < 0.001. The implications of this study are particularly relevant in densely 
populated buildings, where the minimum ventilation standard corresponds to over 1000 
ppm of CO2 (Satish et al., 2014).  
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2.4 Sick Building Syndrome (SBS)  
Any building operating on reduced ventilation rates, faulty HVAC equipment and 
airtight insulation, is likely to have a higher buildup of indoor contaminants in its 
airstream. Such a building or indoor space, has a greater susceptibility to poor IAQ. 
Occupants residing in such buildings often complain of sick building syndrome (SBS). 
Redlich, Sparer, and Cullen, (1997) stated that SBS is a condition where occupants of a 
poorly ventilated indoor space fall prey to various neurotoxic effects such as headaches, 
dizziness, nausea and fatigue; allergies such as skin, throat and eye irritation; and 
respiratory illnesses such as coughs and shortness of breath. SBS is caused primarily 
through the buildup of air contaminants and the building’s ventilation system (Redlich, 
Sparer, & Cullen, 1997).  
Redlich, Sparer and Cullen (1997) said that SBS, which has been regularly 
associated with energy efficient and airtight buildings, has become an increasing public 
health risk in recent years. Though SBS cannot be attributed to any particular 
environmental factor or factors, the cumulative buildup of pollutants from various indoor 
sources as well as the HVAC system’s condition and operation play an important role in 
the spread of SBS (Redlich, Sparer, & Cullen, 1997).  
Burge (2004) stated that SBS symptoms are fairly common in buildings with low 
ventilation rates, usually those with less than 10 liters/second/person. Studies failing to 
show a connection between the two usually used a higher ventilation rate. He also stated 
that though increasing ventilation rate helps diluting indoor pollutant levels, it isn’t true 
in all cases (Burge, 2004).   
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2.5 Indoor Air Contamination Sources  
 As awareness of indoor air pollution and contaminants grew, it wasn’t long 
before the scientific community devoted more time to studying and analyzing the indoor 
environment. A number of studies, undertaken to ascertain the sources that contaminate 
the air indoors, commenced.  
Tsai, Lin and Chan (2012) attempted to determine the impact of increased CO2 
levels in an office building in Taiwan on the prevalence of SBS amongst its occupants. 
The study, conducted during the months of August and November 2003, analyzed 111 
subjects in an office with a floor area of 2462 m2 (68.4 m x 36.0 m). The office, which 
was on the sixth floor of the building, was divided into 10 work zones, and the subjects 
were uniformly distributed through these zones. Temperature, relative humidity, PM2.5 
and CO2 levels were monitored from 9:00 am to 6:00 pm, with values being recorded 
once a minute. Because the workers took a lunch break from 12:00 noon to 1:00 pm, the 
values recorded during this period were excluded to accurately reflect working 
conditions. The temperature range was 25.5 – 26.0, relative humidity ranged from 48.9 % 
to 51 % and PM2.5 concentrations ranged from 3.8 – 7.8. The study conducted was 
observational in nature with no attempt to influence CO2 levels. The occupation rate 
during the length of the study was 70%. A statistical analysis (α<0.05) of the data showed 
association of three symptoms of SBS and two symptom groups, namely, eye irritation 
and upper respiratory symptoms with an increase in CO2 levels (Tsai, Lin, & Chan, 2012)    
 Sundell et al. (2011) conducted a literature review of the effects of ventilation 
rates on human health. A multidisciplinary group judged 27 papers that contained 23 
studies that provided conclusive or suggestive evidence on the effect of the ventilation on 
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human health. Four articles pertained to residences, 12 pertained to offices, four articles 
pertained to schools and three articles pertained to communicable respiratory diseases. 
After reviewing the papers in each category, the authors mentioned that while incidences 
of ill health were reported in studies with low ventilation rates, there were also cases 
where a slightly improved ventilation rate kept negative health outcomes at bay. In 
conclusion, though there was no definite evidence of ventilation rates affecting occupant 
health in a negative way, the study did recommend that ventilation rates be raised above 
minimum rates to avoid unfavorable health outcomes. Introducing fresh outdoor air at 
regular intervals also aids in reducing indoor air pollutant concentrations (Sundell et al., 
2011).  
Microbial pollutants called bioaerosols can influence the quality of indoor air too 
(Burger, 1990). Though the field is relatively novel and appropriate methods to evaluate 
both the concentrations and the effect of indoor bioaerosols of humans need to be 
developed, the importance of bioaerosols in regard to indoor environmental quality can’t 
be ignored (Burger, 1990).   
Burger (1990) assessed the prevalence and spread of bioaerosols in the indoor 
environment. A bioaerosol is a suspension of airborne particles that contain living 
organisms or were released from living organisms. Common illnesses contracted due to 
bioaerosol exposure include, but are not limited to, hypersensitivity pneumonitis, 
humidifier fever, allergic asthma and allergic rhinitis and legionnaire’s disease. 
Mycotoxins, which are known carcinogenic substances, have been traced to indoor 
bioaerosol transmission (Burger, 1990).  
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Burger (1990) discourages the presence of humid environments indoors as they 
are the primary sources of bioaerosols. Risk factors that contribute to increased 
bioaerosol levels are overcrowding, poor ventilation, inappropriate outdoor air intrusion, 
dampness and standing water. They do need to be properly examined before pinning 
down a source. He also presents case studies linking bioaerosols to increased volatile 
organic compounds (VOCs) levels indoors. VOCs are a known source of indoor air 
pollution and numerous studies have shown the detrimental effect it has on human health. 
Bioaersol assessment in the workplace and in residences is a complex subject as it can be 
affected by numerous internal and external factors. Simultaneously, it must be noted that 
indoor bioaerosol study is a large and complex field and contaminant levels can be 
affected by numerous internal and external fields. This is why researchers need to 
develop and improve appropriate measurement techniques (Burger, 1990).  
2.6 Growing Fresh Air in Space  
 While the built environment was plagued with poor ventilation, IAQ issues and 
human health troubles, NASA was working on a challenge of its own. Interested in 
constructing moon bases, they needed a way to purify the wastewater and the air inside 
these planned bases. These moon bases, just like an airtight and energy efficient building, 
had to be insulated closed systems that needed to provide the astronauts with enough 
water and air to survive. Little did they know that by working on a problem germane to 
their space missions, they were simultaneously helping solve a pertinent problem on 
planet earth as well.   
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In experiments conducted at NASA’s John C. Stennis Space Center in Southern 
Mississippi, they found a solution to this problem. Indoor houseplants, when placed 
inside a sealed test chamber, actually improved the quality of air in it. With the quality of 
air in the base expected to degrade due to human and chemical sources, the researchers 
now looked to utilize the plants’ natural air-filtration ability to maintain satisfactory air 
quality in these indoor spaces (Wolverton, 1997). 
Bill Wolverton, the scientist associated with these experiments, extended this 
research further. He tested and quantified the VOC removal potential of fifty different 
houseplants. To him, NASA’s research could be applied to improve polluted indoor 
environments suffering from SBS. In his book, he ranked these fifty house plants based 
on the ecological benefit they provided. To grade the plants, he used four categories, 
namely, ease of growth and maintenance, resistance to pests, efficiency at removing 
chemical vapors, and transpiration rates. Each plant then received an overall rating based 
on its scores in the aforementioned categories (Wolverton, 1997). 
Figure 2.1 is a table of the overall rating of three plant cultivars used in the BW. 
In addition to the categories mentioned earlier, Wolverton’s book also specifies the light 
requirements each plant needs. The table has four columns and seven rows. Each plant 
has a numerical rating for five different categories. The numerical range for all five 
categories is from zero to ten with zero being the minimum, and ten being the maximum 
possible value. The overall rating for all three plants, based on their scores in the first 
four categories, is also provided. The selected plants require either semi-sun, semi-shade 
or shade to survive and grow (Wolverton, 1997). 
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Table 2.1 Overall rating of plants in the Biowall 




Removal of chemical vapors Six Five Four 
Ease of growth and 
maintenance 
Six Ten Nine 
Resistance to insect infestation Five Eight Nine 
Transpiration rate Five Seven Four 










Six point three 
 
From the table it can be seen that all three plants have minimal light requirements. 
With the lights being the largest consumer of electricity in the BW, using low lights 
plants would minimize that consumption. Both the golden pothos and the heart-leaf 
philodendron are very easy to grow and maintain. They also have a high resistance to 
pests such as scale insects and mealy bugs. Though the spider plant is harder to grow, 
maintain, and more susceptible to pests than the other two, it also has a higher vapor 
removal capacity. Additionally, it happened to be one of the first plants to exhibit the air-
cleaning potential that NASA was looking for. Overall, the golden pothos had the highest 
rating, followed by the heart-leaf philodendron and the spider plant (Wolverton, 1997).    
As NASA began incorporating plant assisted air cleaning systems to improve air 
quality in their closed systems, there was an increased interest in incorporating these 
systems in buildings to filter indoor air. However, the mechanisms that made the plant 
assisted air-filtration possible were still unclear. Clarity on plant attributes that made this 
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naturally occurring botanical bio-filtration possible, could aid in the design of a botanical 
bio-filter that fully achieved its air-improving potential. 
2.7 Phytoremediation and Bio-filtration  
Recently, there has been increasing evidence that plants and their associated 
microbes possess the ability to remove contaminants present in soil, water and air. This 
process, called phytoremediation, can be used to tackle environmental pollution from 
various human and chemical sources. Phytoremediation is a low cost sustainable 
alternative and is increasingly being used in practice to tackle environmental pollution. 
Plants, and their associated soil microbes, can breakdown organic pollutants. This 
degradation can occur either through phytodegradation, phytovolatilization, 
phytoextraction, phytostabilization or phytostimulation (Pilon-Smits, 2005). 
Phytoremediation, its implication and effect on IAQ, along with the portion of the 
plant making the greatest contribution to it, intrigued a number of scientists. It was not 
long before they started conducting experiments that would enable them to observe and 
analyze this phenomenon from an air quality standpoint. 
In an experimental study conducted by Kim, Kil, Song, Yoo, Son, and Kays, 
(2008) both the rhizosphere and the phyllosphere of two plants, Ficus benjamina and 
Fatsia japonica, were examined for VOC removal. The test VOC in this case was 
formaldehyde. The aim of the experiment was to check if the rhizospheres of the two 
potted plants played a bigger role in phytoremediation than their phyllo spheres. The 
other question this study attempted to answer was the effect of light on the 
phytoremediation capability of the phyllosphere and rhizosphere of these plants. To do 
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this, a ficus benjamina and fatsa japonica were respectively transplanted to 19 centimeter 
(cm) to 15 (cm) diameter pots and placed in an indoor environmental chamber. Both 
plants were two years old. The plants were given a month to acclimate to the indoor 
environment. They were watered once every three days. Any excess water was drained 
naturally. The temperature and relative humidity maintained was 23 C ± 2 C and 40 % ± 
5% respectively. The lights were maintained at an intensity of 20 ± 2 µmol/m2/s with a 
12/ 12-h (day/night) photoperiod. The growing medium used was a 5:1:1 volumetric ratio 
of mix #4 (Canadian sphagnum peat moss (55%–65% by volume), perlite, dolomitic 
lime, gypsum, and a wetting agent), bark-humus and sand.  A formaldehyde and data 
logging system provided by environmental sensors co. was used to measure gaseous 
formaldehyde concentration in the chamber (Kim, Kil, Song, Yoo, Son, & Kays, 2008).  
For the procedure, Kim, Kil, Song, Yoo, Son, and Kays, (2008) tested three 
replicates of each species under three conditions: the full plant, just the plant’s stem and 
leaves, and the plant without any stem or leaves. After placing the replicates in a 
chamber, a gas injector introduced formaldehyde. Formaldehyde samples were then taken 
once every hour for a five hour day and five hour night period. Plant size was monitored 
at the beginning and end of the experiment. Decapitation and sterilization of plants was 
carried out to evaluate the role played by the leaves, the roots and the microbial 
community around the roots in overall formaldehyde removal. Different pot diameters 
were selected which may have affected formaldehyde removal capacity. The VOC levels 
may also not be comparable to what is generally found in homes.  
A statistical analysis of the data revealed reduction quantifiable reductions in 
formaldehyde levels and more importantly, that over 90% of VOC removal took place in 
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the root zone. Another important point to note was the impact that lighting had on 
microbial activity, with night periods leading to increased microbial activity (Kim, Kil, 
Song, Yoo, Son, & Kays, 2008).  
2.8 Botanical Bio-filters  
NASA’s 1989 biohome contained one of the first systems that used plants to 
purify indoor air. The biohome itself, was an energy efficient and tightly sealed chamber 
designed to maximize energy and air insulation. The home, made using materials that off-
gassed VOCs, made individuals entering it complain of symptoms commonly associated 
with SBS. To obtain a quantitative measurement, the researchers also regularly monitored 
VOC levels in the house. This provided a baseline of VOC levels in the residence. Later 
on, the researchers placed six large heart-leaf philodendrons and a fan-assisted activated 
carbon filter that contained a golden pothos inside the home. These plants were placed to 
both filter and evaluate the impact of plant-assisted air-filtration on home VOC levels. 
VOC measurements, taken several days after placing the plants, showed a substantial 
decline compared to their initial values. Moreover, a student staying in the home all 
summer did not have any issues with IAQ. The plants improved IAQ by reducing home 
VOC levels (Wolverton, 1997). 
Alan Darlington and his team developed a vertical bio-filter that could clean 
indoor air through plant assisted botanical bio-filtration. This bio-filter, had its impact on 
IAQ tested in a 160 m2 airtight room at a Canada Life Assurance Co. building. It used a 
living wall of a hundred and fifty different plant species spread over a wall area of ten 
square feet. It was also integrated with an HVAC unit connected to the room. The wall 
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had an aquarium attached to its base. It irrigated the plants when needed. The plants grew 
on sunlight at a temperature of 20º C, and a relative humidity of 40 ± 15 %. To monitor 
IAQ, the researchers logged data on formaldehyde levels, total VOC (TVOC) levels and 
aerial spore counts. Air passed through the wall at 0.01m/s. By placing the wall in an air-
tight room, the researchers could evaluate its impact on IAQ as there was no outdoor air 
being brought in (Darlington, Chan, Malloch, Pilger & Dixon, 2000). 
The data, collected for a year and analyzed using a two-way ANOVA, returned 
some interesting results. The TVOC and formaldehyde levels did not change much. With 
no fresh air being brought in, the plant wall seemed to be maintaining a level of IAQ that 
would otherwise require twenty-five time more outdoor air. The spore counts however, 
were higher, but the team attributed this to the aquarium used to irrigate the plants 
(Darlington, Chan, Malloch, Pilger & Dixon, 2000). 
Darlington also tested the effect of botanical air-filtration systems on the 
perceived health and productivity of individuals. To accomplish this, he surveyed 
participants before the system was installed, after it was installed but before it was 
activated, and after the system was activated. His surveys were completed by over 150 
employees throughout the study and targeted perceptions of air quality, health and 
productivity. While taking surveys for employee perception of the system, he also 
gathered actual data on changes in indoor air quality and compared the two (Darlington, 
2004).  
His results supported that biofiltration can improve conditions for both the 
employee and the company. It was found the biofilter caused employees to perceive the 
air as cleaner, while not adding any additional allergenic spores to the zone and reduced 
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the amount of volatile organic compounds (VOCs) considerably. He also quantified the 
peak energy demand reduction by using his system as opposed to a traditional ventilation 
strategy of diluting indoor chemicals through the constant introduction of energy 
consuming outsider air (Darlington, 2004). 
Recently, two researchers at Syracuse University, Whang and Zhang, studied the 
air cleaning potential of a botanical bio-filter under both short and long term conditions. 
With access to sophisticated equipment such as a photoacoustic multi-gas monitor, the 
botanical bio-filter was tested in the laboratory as well the field. In both cases 
formaldehyde was introduced via natural means. For the laboratory test, which was four 
days long, six different airflow rates and two moisture levels were used. For the field test, 
the bio-filter was incorporated into a commercial HVAC system and ran under 50%, 
25%, 10% and 5% outside air conditions, with the decay rate being monitored over ten 
months. The system consisted of eight cultivars of golden pothos planted on a bed of 
shale pebbles, with a moisture sensor controlling irrigation and an axial fan controlling 
air flow through the bed (Wang & Zhang, 2011).   
An analysis of the data indicated that by filtering the VOCs present in the 
airstream through plant assisted phytoremediation, the outdoor air fraction could be 
reduced by up to 20%. This reduction could provide an energy saving of 10-15% for 
Syracuse, NY. Though the filter's water content increased the formaldehyde removal rate, 
the system showed that a botanical bio-filter can be applied to a real world setting where 
it could improve the quality of indoor air through VOC reduction (Wang & Zhang, 2011).  
Researchers at Rensselaer Polytechnic Institute devised a similar botanical filter 
that they called building-integrated active modular phytoremediation system (BI-AMPS), 
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though the relative size of this device was larger than the one developed by Wang and 
Zhang. The BI-AMPS, was modular and designed to integrate seamlessly with a 
commercial building’s HVAC system. Each of the modules had inserts where plants 
could be placed and grown. The modules had individual irrigation lines, LED grow lights 
and also used UV lighting to kill off any harmful bacteria and micro-organisms present in 
the water supplied to the plants. Each of the modules contained a growstone, expanded 
clay and activated carbon substrate mixture. The activated carbon filter was placed at the 
top of the module, while expanded clay and growstone filled the rest of the module. The 
plants were place in the module and tested. The system aimed to minimize fan energy use 
and maintain adequate moisture levels in the substrate. To do this, the researchers 
developed a volumetric mixture of growstone, expanded clay and activated carbon that 
had a high aeration porosity and a satisfactory water holding capacity (Aydogan, 2012). 
Aydogan (2012) used four plants, namely, H. helix, C. morifolium, D. compacta 
and E. aurenum. The conducted tests, evaluated the formaldehyde removal capacity of all 
four plants under three conditions, plant root zone, aerial plant part and entire plant. In a 
sealed chamber with an average initial formaldehyde concentration of 2000 µg/m3, an 
HCHO monitor (HFX 105; Hal Technology, Rancho Cucamonga, CA) monitored 
formaldehyde concentrations over a five-hour period. All three conditions and all four 
plants reduced the formaldehyde concentration by 81 to 96 %. The team then moved on 
to testing the formaldehyde removal capacity of growstone, expanded clay and activated 
carbon.  To test the formaldehyde removal capacity of the substrate, they used the same 
initial formaldehyde concentration. The HCHO monitor recorded formaldehyde levels 
over a ten-hour period. The three mediums were tested under three conditions, growing 
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medium alone, dry medium, wet medium in a pot. For the three conditions, activated 
carbon reduced formaldehyde concentration by 97.6 %, 94.1 % and 88.9 % respectively. 
Expanded clay showed a reduction of 26.4 %, 47.5 % and 62.6 % respectively. 
Growstone showed a 17.4 %, 39.3 % and 62.3 % reduction. Based on these values and 
the desired aeration and water holding capacity the system needed, the researchers 
utilized a substrate consisting of 62 % growstone, 20 % expanded clay and 18 % 
activated carbon pellets. The activated carbon filter covered the top of each module, 
while the growstone and expanded clay pellets filled the volume of the module below it 
(Aydogan, 2012). 
Aydogan then tested the formaldehyde removal capability of a single 0.11 m2 
module with the growth media composition listed above. Both wet and dry growing 
mediums were tested. Aydogan also repeated the test with a golden pothos plant placed in 
it. The nine-day test, conducted for all three conditions in a 1.0 m3 sealed test chamber, 
evaluated the formaldehyde removal capacity of the module by placing it at the center of 
the chamber. A fan pulled the formaldehyde introduced at one end of the chamber 
through the module. Though the dry growth medium had a higher peak in initial 
formaldehyde concentration, it declined considerable after reaching this peak. The 
module with the golden pothos plant in it, in addition to a low final formaldehyde 
concentration, also showed the lowest peak in formaldehyde concentration. Aydogan then 
carried out a real world test, where fourteen of these modules, together forming a BI-
AMPS, worked in tandem to improve IAQ. The data from the test, conducted at the 
Sheikh Khalifa Medical Center in Dubai, and the subsequent energy model, predicted an 
energy saving of 50 % in the winter and 60 % in the summer (Aydogan, 2012). 
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2.9 Purdue’s Biowall  
In 2011, a team from Purdue University built a net-zero home for the US 
environmental protection agency’s (EPA) solar decathlon competition, where Purdue’s 
first Biowall was installed. Kevin Rodgers, the project’s manager, designed a wall where 
plants would grow. He called it the Biowall (BW). This BW, utilized aeroponic plant 
growing techniques and was retrofitted in the main return duct of the home’s HVAC 
system.  The BW was placed in the center of the home so that it could provide filtration 
to the kitchen and the living room, public parts of the home where VOC’s would tend to 
accumulate. The BW operated in tandem with the home’s HVAC system. If it was turned 
off, other air filtration techniques were used to ensure that acceptable air quality 
standards were maintained (Rodgers, 2012).   
In a pilot run to test the performance characteristics of the BW, a continuous nine-
day test was carried out during the months of August and September 2011. Data on CO2 
and VOC concentrations, temperature and relative humidity before and after the BW was 
collected and analyzed. After passing through the BW, CO2 concentrations in ambient air 
were lowered 35%, relative humidity increased by seven percent. VOC levels 
downstream of the BW were approximately two hundred and fifty percent lower than the 
values upstream (Rodgers, Handy, & Hutzel, 2013). These findings implied that the BW 
could operate both as an air filter or a humidifier.  
Spurred on by the findings in the pilot test, efforts were directed to maximize the 
air filtration and energy saving potential of the BW. This led to the BW being moved to a 
controlled environment where its design would first be optimized and later tested under 
laboratory conditions. To collect accurate data, the BW was housed in a temperature and 
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relative humidity controlled environmental chamber. The data collected would later be 
used to evaluate the BW’s performance.   
Newkirk (2014) designed and evaluated an improved version of the BW. The 
BW, which was still vertical in design, utilized a stainless steel plenum, a trellis to 
support the plant growth medium, an automated irrigation system and a growth medium 
consisting of washable furnace filter (web eco filter plus) and a horticultural fabric 
(florafelt). A pair of Philips green power LED production module dr/w 120 grow lights 
producing 50 µmol/s provided the light needed for photosynthesis. The plenum was 
approximately 6’ x 2’ x 2’. The water line, after passing through fertilizer, sprayed water 
over the root zone of the plants through a number of small mist nozzles. The plants used 
for testing were three cultivars of sedum (Sedum spurium ‘Red Capet’, Spurium 
‘Tricolor’ and Kamschaticum ‘Ellacombianum’), spider plant (Chlorophytum comosum), 
golden pothos (Epipremnum aureum), two cultivars of ivy (Hedera helix ‘Greendell’ and 
‘Golden Ingot’) and philodendron (Philodendron scandens) (Newkirk, 2014).    
 Newkirk (2014) carried out a test where he evaluated the air filtration potential of 
the BW through VOC removal. The experiment was setup in an environmental chamber 
were a known amount of Toluene (200 ppm) was introduced in the chamber and its decay 
rate was monitored. The BW was then introduced in the environmental chamber, with the 
same amount of Toluene being introduced in the chamber and its decay rate monitored 
again. The length of both tests was 300 minutes. After normalizing toluene 
concentrations, it was noticed that toluene concentration with the BW in the chamber 
reduced after 180 minutes. A matched pair’s t-test for values collected after 180 minutes 
revealed p-values of 0.01, which meant that, even though the initial VOC level (200 ppm)  
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was much higher than what is expected in a home, the VOC removal potential of the BW 
was still statistically significant at the 99% level. Both PM2.5 and PM10 levels were within 
acceptable limits (Newkirk, 2014).  
Newkirk, Hutzel, Dana and Qu (2014) also created an energy model of the BW to 
evaluate the energy saving potential of the BW. This model, followed the procedure 
developed by the researchers at Syracuse University. The model which took into account 
the energy consumed by the BW’s fan and lights, the sensible heat gained by the fan and 
the lights, the moisture added by the BW, the bypass factor and the clean air delivery rate 
(CADR) of the BW. It showed that a BW in combination with an ERV, could moderately 
reduce HVAC energy consumption in an energy efficient home (Newkirk, 2014)  
2.10 Continued Research  
Though Newkirk (2014) did obtain statistically significant results, there were a         
few issues that this version of the BW had. The plants in the BW were grown 
aeroponically, which meant that the air around the roots had to be continually humidified 
to enable plant survival and growth. With the BW’s fan running to improve air quality, 
most of this heavily humidified air would be pulled into the airstream and thus cause the 
humidity levels in the environmental chamber to rise to levels uncomfortable for human 
comfort. Concurrently, the air around the plants would dry out and this had a detrimental 
effect on plant health.   
 Mietusch (2014) attempted to address these concerns by designing and testing an 
altered BW. For his design, he used hydroponic growing techniques and grew the plants 
on a horizontal test bed. He also incorporated a bypass in his design to account for excess 
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airflow. The bypass would allow enough airflow to ensure that air quality standards were 
met while ensuring that the plants were not damaged due to increased air flow through 
their roots. The hydroponic substrate in which the plants were propagated was a mixture 
of growstone, coco coir and activated carbon.  The pressure drop across the bio-filter for 
various mixture compositions was tested and recorded to ensure a minimal pressure drop. 
The results led to the apparatus being stocked with a mixed hydroponic substrate 
consisting of fifty percent coco coir, thirty-two percent growstone and eighteen percent 
activated carbon. The growth bed was 26.5”x26.5x4” in length, width and height. Nine 
plants, namely, three cultivars of spider plant (Chlorophytum comosum), three cultivars 
of golden pothos (Epipremnum aureum), two cultivars of philodendron (Philodendron 
bipinnatifidum) and an English ivy (Hedera helix) were placed, and then given a week to 
acclimatize in the bio-filter. Data on air quality improvements through botanical bio-
filtration was recorded and later analyzed.  
Mietusch (2014) took the data obtained from his tests and applied it to an energy 
model similar to the one develop by Newkirk (2014). For the model, airflow data for the 
mathematical lectures series held at an Auditorium in the Technical University of 
Dresden was used. Outdoor air conditions during the winter months, i.e. from October to 
February were used. One thousand students usually attended the lectures, over a fourteen-
week period. Lectures were held bi-weekly for one and a half hours over the winter 
semester (October – February). The model showed that installing a BW to meet IAQ 
standards could reduce energy costs by 14,697 euros in the winter season alone. With the 
BW simultaneously acting as a source of humidification, the energy saved may be higher 
than calculated (Mietusch, 2014).  
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Like Mietsuch, Davis and Hirmer (2015), investigated the evaporative cooling 
potential of a vertical garden through mathematical modeling. The study created a 
mathematical model of an actual vertical garden developed by Davis and Ramirez (2013). 
This garden had airflow over its foliage first, behind it, and finally, through it. Data 
regarding the evaporative cooling potential of the vertical garden for each of these 
pathways was recorded and analyzed. The results, which were promising, indicated that 
passing air behind and through the garden allowed significant air acclimatization (Davis 
& Hirmer, 2013)  
 For accurate mathematical modeling, Davis and Hirmer (2015) used a modified 
version of the existing FAO-56 penman-monteith equation. This allowed them to predict 
the theoretical rate of evaporation from a vertical garden. Data from the vertical garden 
developed by Davis and Ramirez (2013) and weather data for Quito, Ecuador, were 
inputs that helped analyze the evaporative cooling potential of the garden. The 
mathematical model was tested for three different relative humidity levels, namely, 35%, 
40% and 45%. Though evaporative cooling was achieved at all three relative humidity 
levels, cooling was highest at the 35% relative humidity level. A comparison of the 
mathematical model and the actual garden seemed to indicate that the performance of the 
vertical was superior to the model’s prediction (Davis & Hirmer, 2015).  
Though Newkirk and Mietusch had quantified the energy saving potential of the 
BW, the issue of plant survival still had to be addressed. The rapid loss of moisture, both 
from the plants as well as the air surrounding them, made their survival a challenge. With 
the BW constantly losing moisture to the air flowing through it, a new BW, designed to 
be capable of maintaining moisture levels suitable for plant vigor and growth, was later 
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tested in an environmental chamber at Purdue’s applied energy lab. This newer version, 
would serve as the basis for recommended improvements to future BW’s.  
2.11 Chapter Summary  
  Lowered quality of indoor air is a challenge that was an unintended consequence 
of the need to economize building energy use. NASA, through its deep space flight 
research, unwittingly came up with a potential solution to poor IAQ through 
phytoremediation and biofiltration. Recent studies and advances in sustainable 
technologies seem to point towards botanical biofiltration as an avenue that needs to be 
explored further to mitigate the negative effects of indoor air pollution. Studies and 
advances in botanical biofiltration techniques seem to indicate that, if advanced enough, 
they could improve the indoor environment. This would not only benefit the occupants of 






CHAPTER 3-RESEARCH METHODOLOGY 
 
 The first chapter of this report describes the scope of the study and the second 
chapter reviewed literature relevant to the topic. From the literature review, it is clear that 
although plants do improve the quality of indoor air, there have been few studies 
investigating the health of the plants and the effectiveness of these botanical bio-filters in 
maintaining that health. Airflow through the roots of houseplants is an uncommon 
phenomenon and certainly one that they are not frequently subjected to. The effects of 
this altered environment on the ability of the plants to grow and thrive needs to be 
documented and analyzed.   
3.1 Introduction 
This chapter details a methodology where plants of three species, namely, spider 
plant (Chlorophytum comosum), golden and marble pothos (Epipremnum aureum), and 
spotted and heart-leaf philodendron (Philodendron oxycardium) were first propagated at 
Purdue University’s horticultural greenhouse. These plants were later placed in the BW. 
Both the BW and the test plants were subjected to numerous treatments in a controlled 
environment. An environmental chamber in the applied energy lab served as the 
controlled environment for the test. Data collected over a two-month long period 
provided insight about both plant health and the automated operation of the BW. A 
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review and analysis of the data collected served as the basis for improvements in the 
functionality and aesthetics of the BW both in the short and long term.  
Figure 3.1 depicts the BW elements that will be discussed in this chapter. They 
are classified as 1) horticultural aspects, 2) BW design, 3) automated operation and        
4) laboratory evaluation.  Each element has sub-topics that had to be addressed for an 
effective design. 
Figure 3.1 Biowall design and experimental setup 
The horticultural aspects deal with four topics, the first two being plant 
production and propagation at Purdue’s horticultural greenhouse. The substrate used to 
propagate the plants in the BW and the nutrient requirements for the plants are also 
discussed. The design of the BW is a discussion of the aluminum apparatus containing 
the plant trays as well as the Automated Logic (ALC) controller that operated its 
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mechanical components. The automated operation section describes the three mechanical 
components of the BW, namely, the irrigation hoses, the LED grow lights, the BW’s dual 
speed fan and their corresponding control programs. Finally, the section ends with a 
description of an experiment. This experiment, gauged the effectiveness of the BW in 
maintaining satisfactory plant health. The associated data collection methods and 
variables are also described. 
3.1.1 Plant Propagation  
  Plant propagation was started in August and continued until November 2015. To 
propagate the plants, cuttings were taken from stock plants of each of the species. The 
base of the cuttings was coated with Rhizopon AA #1 rooting hormone and then placed 
in rectangular trays containing the rooting medium, a 1:1 volumetric mixture of fine and 
coarse vermiculite. Each of these containers measured 7”x5”x2.25” (length, width and 
height). The trays were then placed in a mist propagation room at Purdue’s horticulture 
greenhouse where appropriate temperature and humidity levels enabled robust root 
initiation and development. 
 Figure 3.2 is an image of plant cuttings placed in the vermiculite mixture. They 
were then kept in the mist propagation room to enable rooting. This environment proved 
conducive in propagating healthy plants. 
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Figure 3.2 Plant Propagation 
3.1.2 Plant Production 
  Weekly plant inspections were carried out and once plant root length exceeded an 
inch, they were transferred to the greenhouse’s growth room. The substrate in which the 
plants were grown on from here on was also changed. A 1:1 volumetric mixture of 
Sunleaves Piece Coir block coco coir and Growstone GS-2 soil aerator was used. This 
was done to ensure that the plants and their roots had sufficient time to tolerate the 
substrate in which they would later be tested, and also minimize the disruption of their 
transition to the BW.  The coco coir (CC) in which the plants were propagated was 
changed in early September.  This was done to avoid difficulties with the Sunleaves Piece 
coir block. There were chunks of CC that had not broken down into smaller pieces even 
after adding water. The researchers wanted to use a CC that had a uniform physical 
density. To do this, they used Fibre Dust LLC’s Coco Coir Block. After completing the 
transfer, the plants were placed on a growth bench in a greenhouse zone where both day 
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and night time temperatures were set to seventy-two degrees Fahrenheit. From August to 
September fourteenth, sunlight passing through a polyethylene superstructure was the 
only light source available to the plants. From September fifteenth, supplemental lights, 
on from six am to ten pm, provided a supplemental light intensity of forty µmols/m2/s for 
sixteen hours. They were high pressure sodium fixtures.  
The plants were irrigated as necessary with acidified water supplemented with a 
combination of two water-soluble fertilizers (3:1 mixture of 15N–2.2P–12.5K and 21N–
2.2P–16.6K, respectively; Everris NA, Dublin, OH) to provide the following (in mg/L): 
150 N, 20 P, 122 K, 38 Ca, 15 Mg, 0.8 Fe, 0.4 Mn and Zn, 0.2 Cu and B, and 0.1 Mo. 
Nitrate form was seventy-six percent of nitrogen provided. Irrigation water was 
supplemented with ninety-three percent sulfuric acid (Brenntag, Reading PA) at 0.08 
mL/L to reduce alkalinity to hundred mg/L and pH to a range of 5.8 to 6.2. 
3.1.3. Growth medium 
A literature study of the growth media utilized in various botanical air filters was 
undertaken. The ones that seemed to provide satisfactory results were those developed by 
Wang and Zhang (2011) and Aydogan (2012). These systems utilized a porous, water 
retentive and multi substrate growth medium that supported both plant growth, microbial 
community development, while allowing the requisite airflow. After reviewing various 
hydroponic substrates available in the market, it was apparent that a single substrate 
wouldn’t serve the BW’s needs. A mixed growth medium, consisting of readily available 
hydroponic substrates seemed to provide the best way to meet substrate and air flow 
needs.   
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In order to ensure that a substrate is suitable for plant growth, certain criteria must 
be met. The substrate must be dense and solid enough to hold the plants and also contain 
enough organic matter to contribute to aeration, water and nutrient-ion retention. It must 
have a range of pore space sizes to ensure adequate water holding capacity (WHC), while 
also allowing for satisfactory root aeration. Appropriate porosity of the substrate is vital 
to the BW’s performance, as the soil micro-organisms needed for bio-filtration occur in 
those very pore spaces. Studies on substrate properties seem to indicate a total porosity 
between 50 - 85 %, an air filled porosity (AFP) greater than 25% for aeration and a water 
holding capacity greater than 25 % as being suitable for plant health. Three to five 
percent of the solid portion of the substrate should be composed of organic matter. 
Table 3.1 lists the TP, AFP and WHC of the final substrate mix used in the BW. 
For convenience and practicality, the substrate used contained forty percent Coco Coir 
(CC), forty percent growstone and twenty percent Activated Carbon (AC) by volume. CC 
has a high WHC, this needed to keep the plants despite the airflow through their roots. 
Growstone has an AFP that makes it easier to pass the air through the BW. AC can 
capture the VOCs present in the air. Twenty percent AC, is close to what was used in 
other botanical bio-filters too (Aydogan, 2012) 
Table 3.1 Biowall substrate porosity values 
Medium         TP (%)           AFP (%)           WHC (%)  
Final BW substrate  68  17  51 
       
Gessert’s (1976) method was used to calculate the TP, AFP and WHC of the BW 
substrate. However, the procedure required a slight change to it to account for a 
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volumetric change in CC. CC expands when its moisture content increases and shrinks 
when it reduces. The dust like nature of the CC could also lead to it filling up the pore 
spaces when packed. This did seem a possibility, since the substrate used in each tray 
would be well packed. To account for the nature of the CC used, the TP, AFP and WHC 
of the substrate was calculated three times and then averaged. In addition, the researchers 
used the weight of water, not its volume.  
To begin, the substrate mixture was packed into three separate Ziploc containers. 
Each container could hold about two and a half liters (2500 ml) of water. The containers 
were then sealed by gluing on their lids. Water, added slowly through a hole on this lid, 
saturated the medium. Adding the water slowly prevented any water or substrate from 
leaving the hole. After covering the container and leaving it overnight to maximize water 
absorption, necessary weight measurements, taken after saturating the medium on the 
following day, and after draining the unabsorbed water from the container, were used to 
calculate the TP, AFP and WHC in each case. The values in Table 3.2 are an average of 
the three cases. The final BW substrate had a TP of sixty-eight percent, and AFP of 
seventeen percent and a WHC of fifty-one percent.  The calculations performed to obtain 
the values are available in Appendix C. The AFP of the substrate, though not ideal, was 
not viewed as a problem. This is because, the BW fan would pull air through it once the 





3.1.4. Plant Nutrition  
 Tripepi states that the chemical characteristics of substrates that have the greatest 
influence on plant survival and growth are:  
• pH of the substrate.  
• Electrical conductivity (EC) of the substrate.  
• Substrate cation exchange capacity (CEC).  
• Substrate Carbon: nitrogen (C: N) Ratio. 
For this study, it was only the pH and EC of the substrate that was investigated.  
Substrate pH is critical to plant growth and development because it governs the ease with 
which nutrients are available to the plants. A pH that is below or above the recommended 
levels would cause unwanted chemical changes in substrate nutrients and limit their 
availability. Most nutrients are readily available to the plants at a substrate pH of 5.4 to 
6.2 (Camberato, Lopez, & Mickelbart, 2009).   
According to Tripepi, the EC of the substrate is a measure of the salt content in it. 
It is an indicator of the nutrients and fertilizers available to the plants at that time. EC 
levels too low inhibit plant growth, while elevated levels may cause reverse osmosis, 
causing the plants to loose water, leading to wilting and eventual death.   
Table 3.2 explains the effects and indicators of substrate EC ranges on the vigor 
and growth of plants (Camberato, Lopez, & Mickelbart, 2009). The EC range of three 
methods, namely, pour thru, 1:2 and saturated media extract (SME) is described in the 
table. The range of the EC for each these methods is also described. Based on the 
numerical value of the particular method, the EC is either very low, low, normal, high, 
very high or extreme. The indication column provides details about the effects of various 
38  
EC ranges on the survival, vigor and growth rate of the plants. Though multiple methods 
are listed, the researchers used the 1:2 dilution method. This test, is the simplest of the 
four, and also easy to replicate. The procedure is also described in the article. With the 
means available to them, the researchers followed the procedure described in the paper to 
collect enough leachate. By using a Hanna HI9813-5 pH and EC sensor obtained from 
Purdue University’s horticultural department, they obtained the necessary pH and EC 
values.  
Table 3.2 EC range quantification  
Pour 
Thru  
1:2  SME  EC  Indication  
0 to 0.9  0 to 0.25  0 to 0.75  Very 
Low  
Nutrient levels may not be sufficient 
to sustain rapid growth.  
1.0 to 2.6  0.26 to 
0.75  
0.76 to  
2.0  
Low  Suitable for seedlings, bedding 
plants and salt sensitive plants.  
2.7 to 4.6  0.76 to 
1.25  
2.1 to 3.5  Normal  Standard root zone range for most 
established plants. Upper range for 
salt sensitive plants.  
4.7 to 6.5  1.26 to 
1.75  
3.6 to 5.0  High  Reduced vigor and growth may 
result, particularly during hot 
weather.  
6.6 to 7.8  1.76 to 
2.25  
5.1 to 6.0  Very  
High  
May result in salt injury due to 
reduced water uptake. Reduced 
growth rates likely. Symptoms 
include marginal leaf burn and 
wilting.  
> 7.8   > 2.25  > 6.0  Extreme  Most crops will suffer salt injury at 
these levels. Immediate leaching 
required  
  From the table a substrate EC in the low range should suffice in providing the 
nutrients necessary for the survival and growth of the plants tested in the BW. This does 
seem to be a reasonable starting point as the selected plant species are also ones that have 
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low nutrient requirements. With lowered light availability and routine airflow imposing 
additional stress on the vigor and growth of the plants, fertilization requirements, though 
necessary, did not seem of critical importance at that point. Additional fertilizer, if 
needed, could always be added later. 
Table 3.3 is a list of the pH and EC of the individual substrates as well as the final 
growth medium that was used to propagate the plants. From Table 3.3 it can be seen that 
the initial pH of the substrate was higher than the commended range. The EC of the 
substrate however, as per Table 3.2 and 3.3, was in the very low range. Therefore, the 
researchers decided to fertilize the substrate (Camberato, Lopez, & Mickelbart, 2009).   
Table 3.3 pH and EC of Biowall Substrates 
Substrate   pH  EC  
Coco Coir  5.0  0.84  
Growstone  6.7  0.09  
Activated Carbon  5.8  0.16  
Final growth medium   7.6  0.61 
    
The pH of the BW substrate, at seven point five, was higher than the 
recommended range of 5.4 to 6.2 (Camberato, Lopez, & Mickelbart, 2009). The 
researchers did consider remediating it. However, with the plants already growing in the 
substrate for a substantial length of time, they should be tolerant of this elevated pH. This 
tolerance, should negate the need for a substrate pH remediation. 
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Osmocote’s Smart Release Plant Food (Outdoor and Indoor) provided the 
nutrition necessary for plant vigor and growth. Each BW tray could hold close about six 
and a half gallons of substrate. The label recommends adding two capfuls for seven 
gallons of soil volume for outdoor use and halving it for indoor use. In addition, with 
light intensity in the BW being in the low range and there being a possibility of the 
substrate drying out due to airflow, it seemed safer to halve the recommended dosage, 
that is, add half a capful of Osmocote at a time. With the selected plants needing minimal 
nutrition and with substrate EC being in the low range, initially at least, plant nutrition 
was not expected to be a problem. If needed, Osmocote could always be added later. In 
accordance with these considerations, the plants received half a capful of fertilizer at two 
separate instances, first on the fifteenth of February and later on the twenty eighth of 
March. This half capful was spread over the top of each tray’s substrate by hand.  
3.2 Biowall Design  
 The next part of the methodology is a description of the steps taken to design and 
build the BW.  It includes a description of the BW’s plenum, lighting, water, and air flow 
as well as the control platform that automated its operation.  
3.2.1 Biowall Plenum / Apparatus  
 Figure 3.1 is an image of the current BW. The image to the left is a CAD 
rendering and the image to the right is a picture of the actual device. Though earlier 
iterations of the BW utilized a vertical growth surface, this version had four slots where 
horizontal trays could be placed. Each tray measured 22”x18”x4”. These trays were place 
horizontally in the BW’s body and are numbered one through four.  Drain pans placed 
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below each tray would collect excess irrigation water. Collection pipes at the end of each 
pan then sent the water to the home’s main drain line. The trays were designed to 
automatically balance the airflow through the device. Variable hole diameters balanced 
the airflow through each tray 
  
Figure 3.3 Biowall apparatus.  
3.2.2. Controller with Sensors 
A Building Automation System (BAS) from Automated Logic Corporation 
(ALC) operated the BW. Sensors monitored inlet and outlet temperature, RH and BW 






controlling the BW’s lights, irrigation and fan, through the BAS. The programs would 
prompt the BAS to operate them based on the commands from their control program. 
Figure 3.4 is a schematic of the sensors monitoring the BW’s operation, as well as 
the equipment controlling the operation of its mechanical equipment.  
 
Figure 3.4 Biowall control schematic 
Analog sensors (1, 2, 3 & 4) monitored the temperature and RH of BW at its inlet 
and exit. A differential pressure sensor (5) monitored the BW’s pressure drop. A water 
leak sensor (6), kept a check on any possible water leaks. The lights also had a local 
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override switch (7) that let the user the turn off the lights when needed. The BW also had 
current switches that monitored the status of its lights, watering valve and fan.  
Switches on the controller operated the BW’s lights, fan and irrigation. The 
controller would operate these based on the prompts it received from the respective 
control program. The BW’s fan (8) utilized two of these switches to run on either the 
high or low speed setting. Another switch controlled the status of the BW’s lights (9). A 
fourth switch opened the BW’s watering valve (10) when needed. 
There were three control programs that operated the BW according to function. 
The three mechanical components of the BW, namely, its lights, fan and irrigation system 
each had their own control program. The controllers would operate the BW’s mechanical 
components based on the prompts from their respective programs. Communication 
between the controller and the programs took place over a secure network. In addition, 
the programs also had to communicate with each other to ensure uninterrupted operation. 
Binary network points in all three program ensured that the programs operated in tandem 
and without interrupting each other. 
Two programs, called Temp Biowall, and Biowall Light Controls monitored and 
controlled the operation of the BW’s lights and irrigation respectively. The details of the 
programs and the mechanical components they operated are available in section 3.3.1 and 
3.3.2 respectively. The details of the program controlling the operation of the BW’s dual 
speed fan is available in section 3.3.3.  
Equipping the BW with a controller, sensors and control programs provided 
automated control over its operation. Remotely monitoring the BW’s fan, lights, watering 
system and runtime schedules meant that there was minimal interference with BW 
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operation and data collection. For a detailed analysis of BW functioning and its 
effectiveness in maintaining plant health, the researchers began an eight week experiment 
from the seventh of March till the second of May.   
3.3 Mechanical and software components 
 The mechanical components of the BW were its lights, irrigation and fan. Their 
corresponding control programs made up the software components of the BW. 
 3.3.1. Irrigation hoses and control program  
With the BW’s fan operating in tandem with the environmental chamber’s forced 
air system, the rate of moisture loss across the substrate needed regular monitoring. The 
timing of irrigation is critical as the BW fan’s operation would lead to air flowing 
through its substrate at regular intervals. Irrigation at the correct time would replace the 
moisture lost to the airstream and consequently aid in keeping acceptable moisture levels 
in the substrate. 
In tests conducted in the summer of 2015, it was noted that the pressure drop 
across the BW changed with the moisture content of the substrate. The pressure drop 
across the BW increased every time the moisture content of the medium increased (due to 
watering) and started decreasing as it started to dry out. This seemed to indicate an 
association between the water content of the medium and the pressure drop across the 
BW. When the growth medium started drying out, the corresponding pressure drop across 
the BW was recorded. This pressure drop acted as the set point that controlled the 
watering valve. This set point opened the valve every time the BW’s differential pressure 
fell below this set point. This control logic, provided automated control over the BW’s 
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Dramm (length 12’ 11”, diameter 0.63”) soaker hoses. Figure 3.5 is a picture of a soaker 
hose placed in the central and bottom portion of each BW tray’s substrate. 
 
Figure 3.5 Biowall soaker hose setup 
A program called Temp Biowall program controlled the BW’s irrigation by 
opening or closing a watering valve. Figure 3.6 is a logical flow chart that illustrates the 




Figure 3.6 Biowall differential pressure input operation 
As stated earlier, a differential pressure input initially controlled the watering 
valve used for irrigation. This input triggered irrigation based on the differential pressure 
across the BW. It also worked only when the BW’s fan operated. An IF function in the 
code would compare the differential pressure across the BW against a set point. A value 
An IF function 
compares the BW 
differential pressure 
with the differential 
pressure set point  
If BW differential 
pressure < differential 
pressure set point, the 
differential pressure 
input turns on. 
The minute-long delay 
ensures that the input 
works only when the 
BW fan reaches the 
speed it is set to. 
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lower than the set point would prompt the controller to open the watering valve. 
Additionally, it took a few seconds for the fan to reach its set speed after it turned ON. 
The BW’s differential pressure, initially zero, would start to increase as the fan speed 
increased. This value, initially below the set point, could cause the IF function to the 
trigger irrigation before the differential pressure reached its maximum value. Adding a 
delay block solved the problem. This minute-long delay ensured that the differential 
pressure prompt did not turn on before the BW’s differential pressure reached its 
maximum value.  
Later on, a fan runtime input, acted as the second input that controlled irrigation. 
This input, added to the program after the differential pressure input worked effectively, 
recorded the BW fan’s cumulative runtime. If the runtime exceeded the set value, this 
input would prompt the controller to open the watering valve. Each time the watering 
valve opened, the accumulated runtime would be reset to zero. 
The ALC controller triggered irrigation in the BW based on the prompts from 
these two inputs. It also watered each of the BW’s substrate trays to saturation by 
opening the watering valve for three minutes and twenty seconds. By doing this at each 
watering interval, the BW attempted to minimize salt buildup by causing some water to 
drain from each tray. Based on a measured flow rate of 0.75 liters per minute (lpm), each 
tray received two and a half liters of water at each irrigation call. The two and a half liters 




3.3.2. LED lights and control program 
  Light, or radiation, is a critical part of plant health as plant photosynthesis is 
dependent on the plants receiving adequate light. Too little, and the plant would cease to 
grow and in some cases, even die. Too much would result in the BW consuming more 
energy than necessary, as any light above the photosynthetic saturation point has no 
effect on C3 plant growth.   
Studies have shown that all forms of light energy are not necessary for plant 
growth. In fact, the light needed for plant growth and survival is usually in the visible 
spectrum of 380 – 760 nanometers (nm). To narrow it down further, only some of this 
visible light is needed and absorbed by the pigments and chlorophyll in the plants during 
photosynthesis. The part of the spectrum that is absorbed is called Photosynthetically 
Active Radiation (PAR). Light in the blue (380-430 nm) and red/far-red spectrum (650 – 
750 nm) is considered PAR and usually absorbed by the plants during photosynthesis. 
The remaining light is either reflected or transmitted though the leaf.  
 Improvements in indoor plant lighting in recent years have made plant survival 
and growth using artificial lighting fairly practical, although a few issues do occasionally 
exist. To ensure survival of the BW’s plants over the length of the experiment, triple band 
light emitting diode (LED) lights were used. LED lights provide the blue and red 
spectrum PAR needed for plant survival and growth. They also emit low heat, have a 
long life, require minimum maintenance and have low disposal costs.   
Figure 3.7 is an image of Tsujiko Co. Ltd.’s EL-NO1-LT104F-DQM-D2420 
triple band LED lights supplied by Agrivolution LLC. They served as the only source of 
radiation during the test. The lights, which are specifically designed for vertical farming, 
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maximize spatial utilization. They were mounted approximately twelve inches directly 
above the surface of the plant growth medium. To ensure adequate light intensity, three 
lights, each 12” inches in length, 0.59” in width and 0.35” in height were employed.   
 
Figure 3.7 Biowall LED grow lights 
PAR measurements were made with an Apogee MQ-306: Line Quantum with six 
sensors and handheld meter manufactured by Apogee Instruments. This meter consists of 
six sensors that measure instantaneous photosynthetic photon flux in μmol/m2/s. The 
MQ-306 displays an average PAR measurement which can be recorded and stored in the 
meter. Unfortunately, the PAR provided by the LEDs was not uniform across the tray 
surface (higher in the central portion and reduced PAR along the edges). To account for 
this variation in radiation intensity, each tray was divided into a grid and measurements 
were taken at routine intervals and later averaged. This average was a better indication of 
the overall PAR provided to the plants. The PAR measurements and the average PAR in 
each tray can be found in appendix B.        
 Torres and Lopez (2010) provide information about lighting requirements for 
12” 
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various greenhouse crops. This includes information about the DLI, which is a measure 
of the light intensity needed for plant growth on a cumulative daily basis. PAR 
measurements taken with the MQ-306 averaged 77.5 μmol/m2/s which, for a twenty-four 
period, equates to a DLI of 6.7 moles/day (Torres & Lopez, 2010). Thus the selected 
fifteen-hour photoperiod from 6.30 am to 9.30 pm meant that the plants received 4.2 
moles/day. DLI calculation details can be found in appendix B.  
Trinklein (2002) stated that the selected plant species were ones that tolerate low 
light and grow best in medium light. With Torres and Lopez (2010) mentioning that a 
DLI of 3 to 6 moles/day and 6 to 12 moles/day sufficient to sustain low and medium light 
plants respectively, the light provided by the LED lights, though in the low range, should 
be tolerable and sufficient to ensure plant survival. With the environmental chamber 
being sealed, the plants were not exposed to sunlight during the length of the experiment. 
However, in a residential setting, it is possible that some additional PAR will be available 
to the plants from daylight. This combination of PAR from sunlight and the LEDs should 
provide an environment conducive for plant growth and vigor in a residence. It is only in 
the chamber that the plants grew solely on the PAR supplied from the LED grow lights. 
As is the case with most LEDs, their output diminished slightly over time. In 
order to account for this, light intensity measurements were taken at the start and end of 
the test period. Thus, any variations in photo intensity were always noted. Just like 
watering, the ALC control module and the Biowall lighting code controlled the 
photoperiod for lighting. 
The Biowall Light Control program, uploaded to the ME812 LGU controller, 
consisted of a binary light switch operated by three inputs. The first, a timer, was set to 
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turn the lights on for the scheduled fifteen-hour photoperiod from 6.30 am to 9.30 pm. In 
the event of a leak, the lights would automatically turn OFF to prevent any electrical 
damage. This was done by adding the output of the leak sensor to the program. A binary 
local override switch, also connected to the controller, allowed the user to turn the lights 
off for a pre-defined period. This override switch, along with the timer and the leak 
sensor, controlled the BW’s light output, with the override switch and leak sensor outputs 
needing to stay off and the output from the timer staying on to turn on the lights. A binary 
light feedback input ensured that the lights ran as specified and with no technical faults.  
3.3.3. Biowall fan and control program 
 The fan that pulled air across the BW was an Ebm Papst W1G200-EC91-27 dual 
speed axial fan that could operate at a high and low speed setting. The fan ran at 62 cfm 
and 106 cfm on the low and high speed setting respectively.  This low-energy fan only 
utilized 6-8 W while running.  The fan control was integrated with the chamber’s forced 
air system over the WEBCTRL network via the ALC control panel.  For the experiment, 
the fan always ran on the low speed setting. Recent tests conducted in the Environmental 
Chamber (EnvC) indicated that BW had a better VOC removal capability at this setting. 
In addition, the plants were also struggling to acclimate to the high speed setting, with 
their being signs of water stress and leaf tear on a number of them. 
As stated earlier, the Biowall Fan Control program monitored and controlled the 
operation of the BW’s fan. For the duration of the plant health test, the fan ran according 
to the duty cycle it was set to. The program itself consisted of binary network points that 
monitored and displayed the status of the BW’s lights, watering valve and the EnvC’s 
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forced air fan respectively. The temperature and RH before and after the BW, obtained 
from the BAPI sensors, were displayed in the program as analog inputs. The temperature 
and RH at the BW’s inlet were termed zone temperature and humidity respectively. The 
temperature and RH at its exit were termed discharge temperature and humidity 
respectively. Another analog input, measured and recorded the differential pressure 
across the BW at all times. A binary input monitored and displayed the status of the 
BW’s BAPI leak sensor. All these inputs played a part either in controlling the BW fan’s 
operation, or in recording relevant data.   
The last block in the program, called BW fan control, controlled and monitored 
the operation of the BW’s fan. In this block, the controller operated the BW fan as per the 
status of the inputs sent to it. For the BW fan to run, all the inputs had to be on 
simultaneously. The block also contained a feedback loop that utilized the input from the 
current switch for the fan to check whether the fan ran only when it was prompted it to. 
This helped confirm if the BW fan worked as expected.  
Though the fan could operate on both the high and low speed setting, for this 
experiment, the fan always ran on the low speed setting. A lower airflow, would make it 
easier to manage plant and substrate moisture loss. Moreover, there were noticeable signs 
of water stress on the plants at the high speed setting. Evaluating the effectiveness of the 
BW in sustaining plant health is also important for another reason. In the spring of 2016, 
a researcher conducted a number of tests that evaluated the Toluene removal capability of 
the BW under various settings and conditions. The collected data and subsequent analysis 
showed that BW exhibited a higher VOC removal rate at the low speed setting. These 
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reasons made the researchers run the BW’s fan on the low speed setting (Alraddadi, 
2016).  
3.4 Laboratory Evaluation  
To test the effectiveness of the BW, it was placed in an EnvC in the applied 
energy lab for eight weeks. Table 3.4 represents the BW’s operating conditions as well as 
the conditions in the EnvC housing it.  
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The table lists the temperature (72 ± 2º F) and approximate RH range (40 ± 5 %) 
in the EnvC. In terms of BW fan operation, it lists both the duty cycle and the duration of 
the duty cycle used. The two inputs controlling the BW’s watering valve, namely the fan 
runtime input and the differential pressure input, are also included. For the fan runtime 
input, the BW’s watering valve opened after eight, ten, twelve or fourteen hours of 
cumulative BW fan runtime. The differential pressure input would open the watering 
valve if the differential pressure across the BW fell below 0.06 inches of WC for over a 
minute. The cumulative fan runtime would reset to zero each time the watering valve 
opened. Finally, the PAR available to the plants is listed in the last column. 
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The EnvC was a sealed chamber where temperature, relative humidity (RH) and 
CO2 levels can be controlled accurately. Its length, width and height were 13’x8’x7’ with 
an approximate volume of 800 cubic feet. For testing, a forced air system regulated the 
temperature of the EnvC housing the Biowall. Temperature, relative humidity and CO2 
sensors placed in the forced air system’s return duct kept track of chamber conditions. 
Both RH and outdoor air fraction were not interfered with during the course of testing. 
This meant that the air-conditioning system mimicked the conditions expected in a 
residence.  The forced air system provided the heat needed to maintain the 
aforementioned temperature range. A cooling coil connected to a chiller provided any 
necessary cooling or dehumidification. In addition, the forced air system’s humidifier 
was disabled. Turning off the humidifier made it easier to observe the BW’s impact on 
chamber RH. 
With component commissioning complete, the first experiment, aimed to test and 
refine the BW’s light, watering and fan control programs began. This phase of software 
testing and commissioning took about a month to do. Initially, the control programs 
described earlier were first uploaded to the controllers and then allowed to run 
uninterrupted. Routine checks, carried out after uploading the programs, ensured that 
both the controller and control programs operated successfully. With the control 
programs working as expected, the remainder of the experiment sought to improve and 
refine individual program code. Incremental changes and refinements made to each 
program improved both its operational functionality, as well as its integration with the 
EnvC’s forced air system. A detailed description of these improvements is provided in 
chapter four.  
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To evaluate the BW’s effectiveness in maintaining an environment conducive to 
plant survival and growth, a second experiment, seeking to establish a relationship 
between plant health and BW operation, commenced. This experiment endeavored to 
study the effect of airflow on the vigor and growth of plants in the BW and concurrently, 
the effectiveness of the BW’s control programs and mechanical components in 
maintaining that vigor and growth.   
As indicated in figure 3.3, the BW consisted of four trays numbered one through 
four. The conducted experiment utilized two of these trays, namely, tray three and tray 
four. These trays, on account of the intermittent air flow through their substrate, were 
termed experimental trays. To observe and analyze the impact of this airflow on plant 
health, the researchers placed another tray in the EnvC. This tray, called the control tray, 
had the same dimensions and the same plant species as the experimental trays. The 
primary difference was the absence of airflow through its substrate. The substrate 
composition, irrigation, lighting and fertilization used are elaborated the following 
paragraphs. 
Like the experimental trays, the control tray also contained three of Tsujiko Co. 
Ltd.’s EL-NO1-LT104F-DQM-D2420 triple band LED lights. The three lights, each 
measuring a foot, were mounted a foot above the tray’s substrate. A wooden frame held 
them in place. The control tray and plants also received roughly the same light intensity 
for the same photoperiod. Measurements with the PAR sensor confirmed this. 
Connecting the lights to the ALC controller meant that were on the same schedule as the 
BW’s lights. There was no change in the volumetric composition of the substrate in the 
control tray either.  
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Unlike the BW trays, the control tray was watered manually. A gallon of water, 
added every Monday, kept the plants growing and also generated enough leachate from 
the bottom of the tray. This minimized salt buildup. All three trays received the same 
quantity of slow release fertilizer at roughly the same time.  
Figure 3.5 is an image of the plants placed in tray three. This tray contained a 
single spider plant (A), followed by a golden pothos (B) and a marble pothos (C) in its 
upper row. Up front, the tray contained another marble pothos (D), a heart-leaf 
philodendron (E) and a spotted philodendron (F). Barring the spotted philodendron being 
replaced by a heart-leaf philodendron, both tray four and the control tray contained the 
same cultivars of plants. Like tray three, they were placed in an order identical to the one 













Figure 3.8 Biowall plants 
The efforts to make the available light, hydroponic substrate and fertilizer 
identical to the experimental trays helped minimize the variability between the 
experimental and control trays. In terms of differences, the experimental trays had the 
ALC controller water their substrates through the DRAMM soaker hoses. They also had 
air flowing through them intermittently. The BW’s irrigation system aimed to maintain 
substrate moisture levels conducive for plant survival and growth in spite of fan airflow. 
This experiment tested the effectiveness of both the BW’s soaker hoses and its irrigation 
control program. Effective substrate moisture levels would keep both experimental trays 
growing at a rate similar to the plants in the control trays. Simultaneously, it aided in 
ascertaining if the substrate, photoperiod and fertilizer used sustained plant health. 
Most residential air-handlers run intermittently based on the temperature 
requirements of the home they are serving. With the BW fan expected to run in tandem 
and at the same time as a residential air-handler, the fan control program had to be 
changed in order to make the BW’s fan run intermittently too. A duty cycle made this 
possible. The duty cycle, made the BW function as if in an actual residence.  
To make the BW’s fan run intermittently, the duty cycle input had to be added to 
the Biowall Fan Control Program. This duty cycle input was a line of code in the fan 
control section of the program. The code itself consisted of a binary on/off input, a duty 
cycle control block and an output. The output of the block, in this case the fan duty cycle, 
stayed on for a user specified percentage of a sixty minute or hourly cycle. Based on this 
user specified percentage, the output would turn on for a specific number of minutes 
every hour. For example, if the percentage specified was 50 % (or a 50 % duty cycle) and 
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the cycle was hourly, the duty cycle output stayed on for half an hour. Simultaneously, 
the fan would also run every thirty minutes provided all other fan inputs stayed on.  
The four inputs to the BW fan, namely, the forced air fan status, the watering 
valve status, the fan duty cycle and the post-irrigation fan shut off controlled the BW 
fan’s operation. The leak sensor status, an additional input to the BW fan, did not affect 
the program as there were no reported water leaks. The forced air fan ran continuously, 
keeping the forced air fan status input on at all times. Both the watering valve status input 
and post-irrigation fan shut off input always stayed on unless the controller turned on the 
irrigation. The BW fan thus ran as per the duty cycle’s input unless there was a need for 
irrigation. If the controller did initiate irrigation, the watering valve’s status output turned 
on. This output, reversed and sent to the fan control block as an input, turned the BW fan 
off each time the watering valve opened. This reversed output, also sent to the post 
irrigation fan shut off control, caused the BW’s fan to stay off for a time duration 
specified in a minimum on/off timer in the post irrigation fan shut off control block. The 
time duration in this case was twenty minutes. Upon completion of the mandatory the fan 
shut off period, the BW’s fan turned on provided the duty cycle input to the fan control 
block was still on.  
This automated duty cycle on the BW Fan Control program, subjected the plants 
in the BW to two pre-determined duty cycles. The first was a three week fifty percent 
duty cycle from the seventh to the twenty eighth of March. The second was a seventy-
five percent five-week duty cycle from the twenty eighth of March till the second of May. 
According to the selected duty cycle, the BW’s fan would run for either half or forty-five 
minutes an hour unless interrupted by an irrigation need. With the ALC controller 
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working as expected, the research focused entirely on the control programs controlling 
the BW’s light, fan and irrigation. The Biowall Light Control program, working 
effectively, did not need any change during the experiment. The only change over the test 
period the BW Fan Control was subjected to an increase in the duty cycle and a change in 
the time interval between each irrigation call. Alterations in the time duration between 
each irrigation call were made by changing the IF function in the fan runtime input 
control block of the Temp Biowall program.  
After a month of testing, the BW’s watering valve operated entirely on prompts 
from the program’s fan runtime input. The pressure drop across the BW never fell below 
the differential pressure set point for a duration long enough to trigger the differential 
pressure input. To bring the differential pressure input into play, the accumulated fan 
runtime was increased. This increase was aimed to provide enough time for the 
differential pressure across the BW to fall below the set point used in the differential 
pressure input. This change, proved to be a significant one. The results of this alteration 
are included in the following chapter. 
Based on the duty cycle, the experimental trays had air flowing through them 
intermittently. For the first three weeks, this airflow was for thirty minutes an hour, or 
twelve hours a day. For the next five weeks, this airflow was for forty-five minutes an 
hour, or eighteen hours a day. Data collected on the vigor and growth of the plants in the 
three trays over these eight weeks served as the basis for an analysis of plant health. A 
comparison of the data established the effect of airflow on the health of the plants in the 
experimental trays. In addition, the experiment also proved useful in gauging the long 
term effectiveness of the BW in maintaining plant vigor. The results of these experiments 
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are presented in chapter four. The conclusions drawn from these data played an important 
role in recommending modifications that improved the effectiveness of the BW. 
3.4.1. Data Collection 
With the experiment underway, the researchers collected data on plant health 
every week using a SPAD 502 Plus Chlorophyll Meter manufactured by Spectrum 
Technologies, Inc. and a Foxeer Legend 1 16MP 1080P 60fps HD camera. For the BW, 
the ALC controller monitored and recorded its inlet and exit temperature, RH and 
differential pressure every minute. It also monitored and recorded the status of the BW’s 
lights, watering valve and fan. Another ALC controller monitored and logged data on the 
status of the EnvC’s parameters. The recorded data could be downloaded by logging in to 
the appropriate network address.  
The SPAD meter made it easy to quantify leaf chlorophyll content. The meter 
produced a numerical value for the chlorophyll content at a certain spot on a leaf. To 
obtain this value, the selected leaf had to be inserted into the SPAD meter’s measurement 
head, initially open. With the selected leaf in the head, the measurement head now had to 
be closed using the finger rest. Once closed, the meter would beep and display a 
numerical value. This number, unit less and visible on the display next to the meter, 
indicated leaf chlorophyll content over a zero to one hundred range. Zero indicated no 
chlorophyll. A hundred, indicated maximum chlorophyll possible. 
A single growing leaf, selected randomly on each plant in the control and 
experimental trays, indicated the chlorophyll level in that particular plant over the course 
of this experiment. A permanent marker marking on the underside of each selected leaf 
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made it easily identifiable. In addition, the SPAD meter returned the chlorophyll content 
over a very small area (2mm X 3mm). The researchers did their best to measure roughly 
the same location every week, but this limitation may have caused minor errors in data 
collection. If necessary, the measuring process was repeated until an accurate value was 
obtained. Weekly measurements with the SPAD meter provided a numerical estimate of 
individual leaf chlorophyll content. This estimate, made the comparison between control 
and experimental plants fairly convenient.  A graphical comparison of the chlorophyll 
content in the leaves of the same plant species, made the difference or similarity in 
chlorophyll levels between control and experimental plants pretty obvious. The trends 
observed and obtained from this comparison aided in assessing the health of individual 
plants in the BW.  
The FOXEER camera mentioned earlier kept a visual record of plant growth and 
expansion in all three trays via pictures. These pictures, taken once a week, documented 
weekly plant and leaf cover increase. Although the camera did succeed in capturing most 
of the growth area, the images proved to be approximate as the camera could not capture 
the complete growth area. In spite of this, they provided a fairly clear view of plant cover 
in each tray.  
Velcro strips, glued close to the center of the same aluminum plates that held the 
BW’s lights, would hold the FOXEER camera in place. These strips, connected to a 
couple of small wooden blocks holding the camera, steadied the camera about a foot 
above the center of each tray. Once steady, multiple images of each tray were taken. The 
same process, repeated for all trays on a weekly basis, kept track of plant cover in the two 
experimental trays and the single control tray. For the control tray, the Velcro strips were 
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glued to the same wooden frame holding the LED lights. With the camera moved from 
tray to tray to capture plant cover on a weekly basis, its position over the same tray varied 
slightly every week. This may have caused some error in plant cover quantification, but 
in most cases, this minor shift in camera position did not have a substantial effect on 
plant cover quantification.  
These collected data now had to be quantified effectively. Jarou (2009) explained 
the procedure to quantify leaf area using Adobe Photoshop in his YouTube video. A 
similar procedure quantified plant cover. This provided a numerical and graphical 
representation of the plant cover in all three trays. The resulting analysis and conclusions 
served as the basis for future work that would improve the effectiveness of the BW in 
sustaining plant vigor and growth. 
3.4.2. Experimental Variables 
 The EnvC and its parameters were the controlled variables in the experiment. The 
chamber’s forced air system controlled temperature, with no interference from the BW’s 
controller or components. Barring the time when the students entered it to collect data on 
plant health or to make changes to the BW’s controller, the EnvC had no occupants. The 
students made it a point to shut the chamber door after entering and leaving it. The 
independent variables in this case were the fan duty cycling, watering and lighting, all of 
which affected the health of the BW’s plants. Both the controlled variable and the 
independent variable had an impact on the dependent variable in the experiment, namely, 
the vigor and growth of the plants in the experimental and control trays. 
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 After placing the BW in the environmental chamber, the BW’s control program 
automated its operation. Data on both the BW’s operation and relevant plant features 
dependent on their health was collected. These data were later used to evaluate the 
effectiveness of the BW’s design, its operation in a controlled environment and 
consequently refine the operating parameters of the BW.  The tests also refined the BW’s 
communication with the environmental chamber’s forced air system over the WEBCTRL 
network.    
3.5 Chapter Summary 
The first section of this chapter is an outline of the steps and procedures that were 
followed to propagate plants that could endure the stresses of survival and growth in a 
plant-assisted air filter. An appropriate quantification of both light intensity and 
photoperiod ensured that the plants placed in the BW would not be subject to any stress 
from reductions in PAR. Quantification of BW substrate parameters such as TP, WHC, 
AFP, pH and EC helped gauge its conduciveness for plant growth.  
In early February, work on testing and commissioning the operation of the BW’s 
mechanical and software components began. Once these components began working 
effectively, an experiment seeking to study the effects of airflow on the plants in the BW 
began. These endurance tests (repeated operation of the HVAC function of the BW) 
allowed for observation and data collection on plant growth and vigor under repeatable 
environmental and operational conditions. A quantification of this data served as the 
basis for suggested improvements in the BW’s control programs as well as its mechanical 
63  
components. These improvements, were aimed at creating a hospitable environment for 
plants grown in future BWs.
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CHAPTER 4-RESULTS 
This chapter focusses on important results that helped assess the effectiveness of 
the BW in maintaining plant vigor and growth. The laboratory evaluation experiment 
succeeded in assessing both the BW’s functionality and its effectiveness in maintaining 
an environment conducive for plant survival and growth. Important results about plant 
health, the BW’s controller, components and control programs are described in this 
chapter. This includes important changes in the functionality of the BW’s control 
programs as well weekly updates on plant health. The obtained results and subsequent 
analyses served as the basis for recommendations that would optimize BW operation. 
4.1 Biowall Control Programs. 
This section is about the automated functioning of the BW controller, its control 
programs and their effectiveness in effectively maintaining plant vigor and growth. 
Important results related to the BW’s light and water control programs are described. The 
BW fan’s operation and its impact on the experiment are also explained. 
Before the experiment to assess plant vigor and growth could be undertaken, the 
mechanical and software components of the BW had to be tested and commissioned first. 
To do this, the switches controlling the BW’s fan, lights and watering valve were turned 
on manually. Fan operation at both the high and low speed setting was checked by 
manually turning on the appropriate switches on the BAS controller. The BW’s lights 
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and watering valve were tested in a similar way by manually operating them through the 
BAS controller. All three components worked as expected.  
4.1.1 Light Control 
The lights and the selected photo period proved sufficient. The selected fifteen-
hour runtime from 6.30 am to 9.30 pm for the measured light intensity of 4.2 moles/day 
proved to be sufficient in keeping the plants in all three trays alive and growing. 
Moreover, in a residential setting, the plants are expected to receive some additional 
sunlight either directly or indirectly. However, the remaining input controlling light 
output, namely the binary override switch and its corresponding override logic may cause 
problems that hamper the functioning of the BW’s lights. Simple on/off tests helped 
verify this. 
Both the binary override switch and the override logic did work. However, in the 
event of the user accidently pressing it more often than needed, it would cause the lights 
to turn and stay off for a longer duration, which is something neither the plants or the 
homeowner want. The implications of this can be serious as an excessive binary override 
time would reduce the light available to the plants. If the reduction in available PAR is 
below the light compensation point of the plants, it would lead to the plants not growing 
or dying, especially if the available sunlight is poor.  
Having noted the possible problems with the binary override switch, a revised 
version of this logic has been uploaded to the controller. This logic allows the user to turn 
the lights on or off through a prompt sent to the controller. The revised on/off logic could 
be used by the homeowner for potential energy savings.  
66  
In a residence, the plants could receive some sunlight (directed or reflected) based 
on the BW’s location in the home. Depending on the location and the intensity of 
received sunlight, the schedule can be changed to minimize the energy consumed by the 
lights. In addition, the plants in the BW are all C3 plants. C3’s are plants that light 
saturate, i.e. their photosynthetic rates peak at a certain light intensity. If this light 
intensity is reached, any additional PAR will not have any effect on the net 
photosynthetic rates of the BW’s plants. With the BW’s plants able to grow and thrive at 
lower light intensities, this does seem a possibility. If the plants do receive the PAR 
necessary to maximize their photosynthetic rates through sunlight alone, the homeowners 
can manually turn off the lights through the override switch and avail potential energy 
savings. Dimming or decreasing LED light intensity may be another option. With the 
lights being the prime consumer of energy in the BW, any reduction in LED light use is a 
benefit that goes straight to the homeowner’s pocket.     
4.1.2 Fan Control 
Figure 4.1 is a graph depicting the operation of the BW’s fan control program 
during a seventy-five percent duty cycle. The vertical axis represents the differential 
pressure across the BW in inches of water column (WC). This differential pressure, has a 
range from 0.055 to 0.075 inches of WC. The horizontal axis is a time period that starts 
on the twenty fifth of April at noon and ends on the twenty seventh of April at midnight. 
The time when irrigation occurs is depicted by dashed lines colored orange. An additional 
fan control input called post-irrigation fan shut off, indicated by the dashed orange and 
black lines and explained in the accompanying discussion, is also marked. 
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Figure 4.1 Biowall fan control program operation 
The BW’s fan control program would prompt the controller to operate the fan on 
the low speed setting based on the status of four separate inputs. These inputs were 
connected to an AND block in the fan control program. The output of the AND block 
would turn on only if all four of its inputs turned on at the same time. The four inputs 
controlling its operation are described in the following paragraphs.  
The first of these, namely, the status of the EnvC’s forced air fan, always stayed 
on as the fan never stopped running. The second input, was the duty cycle. Though it 
could be set to any value, in this case, it was set to seventy-five percent. This setting kept 
this input on for forty minutes an hour. 
The two remaining inputs came from the BW’s water control program. The status 
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program as an input, it had to first be sent over the network to BW’s fan control program. 
A NOT function then inverted the sent status. This inverted status, was the third input 
controlling the BW fan’s operation. The inversion meant that the input stayed on when 
the valve was not open and vice versa.  
This watering valve’s status also controlled the fourth and final post-irrigation fan 
shut-off input. This input, also used the inverted status of the watering valve to operate. 
This shut-off would keep the fan off for another twenty minutes after irrigation occurred. 
This addition was made to let the water from the soaker hoses seep through the substrate. 
This input added to improve water distribution through the BW substrate, would let more 
water seep through its substrate. The time for which this input keeps the BW fan off is 
adjustable. For this experiment, it stayed at twenty minutes. But if a future BW requires a 
prolonged time interval, this can be adjusted in the control program by increasing the 
minimum off time in the logic, especially if more water is added. The BW fan control 
program did not change after this addition. As per the graph, the BW’s controller 
operated as expected, with the post-irrigation shut off keeping the BW’s fan off for 
twenty minutes. The control program kept the BW fan operating effectively on a fifty-
percent duty cycle as well. 
4.1.3 Irrigation Control 
The Temp Biowall program controlling the BW’s irrigation operated without any 
issues. The inputs and the watering valve operated as per the time duration specified in 
the program and did not cause any issues. This section of the results focuses on the two 
inputs controlling the BW’s watering valve instead. The alterations in the program, 
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described in chapter three, proved to be significant and had a critical impact on plant 
health. This section of the results is focused on those alterations and their resulting 
impact on water availability and BW plant health. 
As mentioned earlier, the alteration in the program was made to bring the 
differential pressure input back in play. A month into the experiment, the BW’s watering 
valve was only working based on the prompts from the fan runtime input. In the two 
weeks prior to the increase, the BW fan operated on a seventy-five percent duty cycle. 
The fan runtime input on the Temp Biowall program prompted the controller to water the 
BW trays after ten hours of BW fan runtime. The fan runtime input was first changed to 
water the BW trays after fourteen hours of BW fan runtime. On the second occasion, this 
duration was reduced to twelve hours. The duty cycle did not change over this period. 
This time increase was made to let the BW differential pressure fall below the set point 
used in the input. If it stayed below the set point long enough, the input would open the 
watering valve. The effects of this alteration provided vital results about the effectiveness 
of the BW’s irrigation system.  
Figure 4.2 is a graph that illustrates the increase in watering interval. The vertical 
axis indicates the differential pressure across the BW, while the horizontal axis represents 
a time interval that starts on the twelfth of April at midnight and ends on the fourteenth of 
April at midnight. The differential pressure range is very small, starting at 0.055 inches of 
WC and ending at 0.075 inches of WC. The beginning and end of the twelve and 
fourteen-hour irrigation intervals are marked. The instance when the fan runtime input 
triggers irrigation is also marked. 
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Figure 4.2 Irrigation interval impact on Biowall differential pressure 
 The increase in irrigation interval made no difference. The fan runtime input 
continued to trigger the watering valve. From the graph it can be seen that in the interval 
before the fourteen hour one, the differential pressure did not fall below the differential 
pressure input set point of 0.06 inches of water. After changing the fan runtime input to 
open the watering valve after fourteen hours of BW fan runtime, this pressure did fall 
below this set point. However, it never stayed below it for a duration long enough to 
trigger the watering valve. Eventually, the accumulated runtime would cause the fan 
runtime input to the turn on the watering valve. The differential pressure across the BW, 
based on these tests, did not fall below the initial differential pressure input set point for 
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Two factors may have hampered the functioning of the BW’s differential pressure 
input. First, the failure of the BW’s differential pressure to fall below the set point could 
be due to an increase in the differential pressure across the BW itself. The plants in the 
BW, on account of their growth, might have caused the pressure drop across the BW to 
increase. In addition, the CC, which usually degrades with continued exposure to water, 
could also increase the differential pressure. The second factor, could be the fluctuation 
in differential pressure across the BW. The differential pressure, given the fluctuations in 
airflow and accuracy of the sensor, would struggle to stay below the set point for a 
minute. This delay and control logic, it would seem, need to be revised. 
The increase in watering interval had a detrimental effect on plant health. All the 
plants in tray one died, while leaf expansion and plant growth in other trays, as shown by 
an analysis of plant health in chapter five, declined. This also points to a lack of 
uniformity in the BW’s irrigation system, which, until now, was thought to evenly 
distribute water in each tray. All the plants in tray one died while there seemed to be no 
signs of water stress in the remaining three trays. Tray two, three and four seemed to be 
receiving more water, while the plants in tray one succumbed to the water scarcity and 
stress. With Leuner’s (2016) tests indicating uniform water flow through the BW’s 
soaker hoses, the flaw may have been a mechanical one. The soaker hoses had to be 
connected to their quick disconnects for water supply. This connection, if not made 
properly, could lead to water trickling from the base of the connection. Moreover, the 
hoses had to be bent slightly to make the connection with the quick disconnect. This bend 
could have a negative impact on the volumetric flow rate through the hose.   
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4.1.4 Soaker Hose Operation 
Leaf expansion, curtailed by a reduction in available water reduced BW plant 
growth in this period and possibly in the weeks that followed. Generally, a lack of leaf 
expansion is a function of leaf water potential. The mechanical irrigation component, in 
this case the soaker hoses, did not work as effectively as expected. The hoses, placed near 
the bottom of the tray, did not utilize the substrate’s WHC to its fullest. This resulted in 
the central and bottom layer of the substrate being watered to saturation. The top layer of 
the substrate, based on hose position, would not receive as much water as the two layers 
below it, which could result in it being dryer. A well placed soaker hose would utilize all 
of the substrate’s WHC and thus succeed in maintaining acceptable moisture levels in the 
substrate over a longer duration. The soaker hoses may also need to operate at a higher 
pressure or removed entirely if necessary. After the watering valve opened, the water 
from the hose would trickle only into the portion of the substrate right next to it. This 
meant that the substrate had to be watered to saturation to let more water seep into it. An 
alternative irrigation method, if effective, might produce a well and uniformly watered 
substrate. 
The water added to the substrate trays needs to be kept in mind each time 
irrigation occurs. The moisture present in the BW trays, lost to the air flowing through 
the chamber, is a latent load on the EnvC. Quantifying the volume of water added 
through irrigation would aid in an estimate of this latent load. Each tray received 
approximately two and a half liters of water at every irrigation call, which equates to ten 
liters for the entire BW. For the fifty percent duty cycle, an approximate estimate would 
be ten liters every twenty-one hours (about once a day). For the seventy-five percent duty 
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cycle, an approximate estimate would be ten liters every thirteen and a half hours (close 
to twice a day). About half of these ten liters might have been lost to the airstream. 
4.2 Horticultural results 
The horticultural results, namely, the chlorophyll content data from the SPAD 
meter and the weekly images from the FOXEER camera are covered in this section. 
Observations and possible inferences from the findings are also described in this section. 
4.2.1 SPAD Meter Data 
The SPAD meter effectively quantified the chlorophyll content in the selected 
leaves. The numerical values, when graphed, presented a visual representation of the 
weekly change in plant chlorophyll content. Four individual scatter plots, one for the 
three golden pothos plants, a second for the three spider plants, a third for the six 
philodendrons and a final plot for the six marble pothos plants, made specie specific plant 
comparison easier. Trend lines for each plant, made the change in chlorophyll content of 
the plants in the two experimental trays and the single control tray fairly apparent. The 
subsequent comparison between the trend lines of the experimental and control plants, 
noted the differences between them. The results for this section conclude with a 
description of the possible causes behind these differences. 
Figure 4.3 is an image depicting the chlorophyll content from the SPAD meter’s 
readings. It is a scatter plot of the change in chlorophyll content of the three spider plants. 
The vertical axis is numerical and it covers the range of values obtained from the SPAD 
meter. These values are numerical, unit less, and range from twenty to sixty-five. The 
horizontal axis in both plots covers the dates when measurements were made. These 
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measurements, were taken once a week. The error bars are included as the displayed 
value would vary slightly based on the leaf location measured. These bars have a ± 3 
range. They also helped account for the SPAD meter’s accuracy which has a ± 1 accuracy 
range. 
The weekly measurements and the resulting linear trend lines helped make the 
comparison between control and experimental plant pretty straightforward. Green, blue 
and orange were the colors chosen to depict the data points and trend lines in the control 
tray, tray three and tray four respectively. The same colors depict the control tray, tray 
three and tray four in all following charts. The chart also includes a duty cycle change 
and a fertilizer addition date. The duty cycle change was an increase in BW fan’s duty 
cycle from fifty to seventy-five percent on the twenty eighth of March. The seventy-five 
percent duty cycle continued from the twenty eighth of March till the end of the 
experiment on the second of May. As indicated in the plot, all three trays received half a 
capful of Osmocote’s plant release food on the twenty eighth of March.  
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Figure 4.3 Spider plants chlorophyll content 
The initial chlorophyll content in the three spider plants is not the same but still 
quite close. This made for an easier comparison of chlorophyll content between control 
and experimental trays. Though the initial chlorophyll values were different, it was the 
change in chlorophyll levels over the experiment that were of interest. In the case of the 
three spider plants, the trend lines from the weekly measurements point to a fairly 
comparable increase in chlorophyll content in all three plants. Based on these lines, the 
two experimental plants coped as well as the control plant in spite of regular airflow and 
variable moisture levels in their substrates. This seems to point to the spider plants 
acclimating well in the BW. With all three plants grown in the greenhouse for a number 
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might have aided in keeping chlorophyll levels in the leaves satisfactory. These stored 
reserves might help their acclimation and growth in the EnvC despite the reduction and 
changes in available PAR, fertilizer and water. A further investigation of this topic, which 
is beyond the scope of this research, might ascertain this. As far as this study goes, the 
recorded data helped observe the change in the chlorophyll content of one control and 
two experimental spider plants. This content, based on the values from the SPAD meter, 
proved to be fairly comparable.  
In both experimental spider plants, the SPAD meter reading was notably higher 
on the fourth of April and dropped the following week. No such spike appeared in the 
control plant’s values. Two actions may have influenced this. On the twenty eighth of 
March, all three trays received fertilizer. The fan duty cycle was also increased on this 
date. If fertilizer did influence the meter’s reading, the spike would be visible in all three 
plants, but this is not the case. The points could also have been a bad measurement but 
similar spikes in the trend lines of all experimental plants seem to attribute this to the 
change in BW fan duty cycle. The increase in fan duty cycle may have affected plant 
functioning leading to the resultant spike in measured values.  
Figure 4.4 is a scatter plot depicting change in chlorophyll content in the three 
golden pothos plant over the length of the experiment. Like the previous plot, the vertical 
axis is for the SPAD meter reading and the horizontal axis indicates the dates at which 
the measurements were taken. There is no change in experimental and control plant color 
scheme either. The duty cycle and fertilizer indications are the same as the ones in figure 
4.3. Like the previous plot, they also contain the error bars with a ± 3 range. 
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Figure 4.4 Golden pothos plants chlorophyll content 
There are noticeable differences in experimental and control plant chlorophyll 
content. These differences in chlorophyll content are unintentional. Though not 
investigated, the differences are still relevant to the experiment and may have been 
influenced by two factors. The trays contained the same species of plants, but the plants 
themselves were selected randomly from the greenhouse and then placed in the trays. 
Differences in the selected plants’ growth rate and age could be a possible reason behind 
this variation. The second factor could be the selected measurement area. Chlorophyll 
content in the selected leaves may not be equal or uniformly distributed. The leaves on 
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light green. Depending on the area selected, this variegation could influence the reading 
and cause the variation in values.  
The experimental and control plant trend lines on the golden pothos plot were not 
as comparable as the spider plants. In this case, nutrient availability might have affected 
and caused a difference in experimental and control plant chlorophyll content. The only 
source of nutrient fertilization over the experimental period came in the form of 
Osmocote plant food. The nutrients provided by the fertilizer come as tiny granules 
coated with semi-permeable resin. For the enclosed nutrients to be dissolved and 
subsequently released into the substrate, the granules must come in contact with water. In 
all three trays, they were spread over the top of each tray’s substrate. In the control tray, 
which was watered weekly from above, these granules would probably come in contact 
with the supplied water almost immediately. The water would subsequently cause the 
nutrients to dissolve and be released into the substrate soon. Unlike the control tray, the 
experimental trays used soaker hoses for irrigation. These soaker hoses, placed close to 
the bottom of the tray, watered the central and bottom layers of the substrate. The 
Osmocote however, was spread over the top of the substrate. This difference in watering 
method and possible reduction in substrate moisture at the top of the experimental tray’s 
substrate could take the water more time to penetrate the granules in these trays. If this 
was the case, the nutrients in these trays would not dissolve as quickly as the nutrients in 
the control tray. This could cause the plant in the experimental trays to have the necessary 
nutrients available to them at a later time. Delayed nutrient availability might affect leaf 
photosynthetic rate and eventually cause a difference in chlorophyll levels. This 
difference is clearly visible in the chart.  
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Based on a comparison of experimental and control plant trend lines in the four 
plots, the experimental spider plants maintained chlorophyll levels comparable to their 
control plant. The experimental marble pothos plants exhibited a similar trend. The 
experimental philodendrons and golden pothos plants however, could not keep up with 
the chlorophyll increase in their controls. Both plant age and nutrient availability seem to 
have influenced leaf chlorophyll content. Additional SPAD meter plots are available in 
Appendix F.               
4.2.2 Plant Images 
Plant images, taken weekly, kept a pictorial record of plant size on a weekly basis. 
These images, taken by placing the FOXEER legend camera appropriately, provided both 
a front and top view of all trays on a weekly basis. The images capturing tray top view 
proved to be of great importance. An analysis of these images on Adobe Photoshop 
provided an approximate numerical quantification of plant cover in both experimental 
and control trays. Noted differences in tray cover were studied and used to recommend 
BW improvements that kept the plants growing. The two tray views and their relevance is 
explained in the following paragraphs.  
Figure 4.5 consists of two images of tray three. The first image is a top view of 
the tray at the start of the experiment on the seventh of March. The second image is also a 
top view of the tray, but at the end of the experiment on the second of May.  
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Figure 4.5 Top views of tray four 
A cursory glance at these images is enough to note that there is an increase in 
overall plant cover in the second image. All six plants survived and grew over the length 
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of the experiment, some better than the others. From the images above, it can be seen that 
it is the spider plant that has grown the most. There has been a substantial increase in the 
number of leaves on the plant. In addition, one can also notice the appearance of runners 
that are produced for vegetative propagation. These signs point to the spider plant 
acclimating effectively in the BW. The three pothos plants have also grown, but not as 
expansively as the spider plant. New leaves are clearly visible, but individual plant cover 
is not as abundant as the spider plant. The two philodendrons appear to have grown the 
least. Their lack of leaf expansion, which is usually a function of leaf water potential is 
pretty apparent. With regular airflow causing substrate moisture loss and increased water 
loss from leaf stomata, a water deficit could, curtail leaf expansion in these plants. 
However, this deficit does not seem to occur in all six plants with the spider plants 
seeming to show no signs of it, possible signs of it in the pothos plants and clear signs of 
it in the philodendrons. The spider plants appear to have acclimated best and are followed 
by the pothos plants. The philodendrons do seem to need more water to improve 
acclimation and leaf expansion.  
Images like the ones in figure 4.5, kept track of weekly plant growth in all three 
trays. The saved images, appropriately quantified using Adobe Photoshop and analyzed 
afterwards, assisted in an analytical comparison between the control and experimental 
trays. The details of the analysis and the resulting conclusion are available in chapter five.   
Front views of experimental trays, also taken weekly, provided another 
perspective on experimental plant health. Figure 4.6, consists of two front views of tray 
four. The first image is an image of the tray at the start of the experiment on seventh 
March. The one below it was taken at the end of the experiment on the second of May. 
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These images, like the top views, point to the spider plant growing the most. The pothos 
plants appear to have grown second best while the philodendrons grew the least. Though 
not quantified, they did affirm the growth trends observed in the top view. 
 
Figue 4.6 Front views of tray four 
4.3 Chapter Summary 
Important results about the BW’s control programs, irrigation, lights and fan were 
presented in the first half of the chapter. The latter half of the chapter focuses on 
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horticultural results related to chlorophyll content and tray plant cover. These results 























CHAPTER 5-SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
  
The final chapter of this study is an analysis of plant cover and the effectiveness 
of the BW’s control programs in maintaining that plant cover. In this section, the BW’s 
effectiveness in maintaining comparable plant growth and vigor are analyzed through a 
quantification of plant cover. This chapter also contains an analysis and explanation that 
describes the impact of the moisture in the BW on the air in the EnvC. The analysis ends 
with control strategies aimed at improving the operation of the BW’s irrigation control 
program. These strategies would enable it to maintain satisfactory plant health in a 
residential setting. 
5.1 Biowall Moisture Impact 
The BW’s fan kept pulling air through the BW based on the duty cycle’s settings. 
As this air passed through the BW, it would pick up some of the moisture present in the 
each of the BW’s trays. This would cause the air at the exit of the BW to be cooler than 
the air at its inlet. The BW could thus act as an evaporative cooler based on the amount of 
moisture present in its substrate. This cooling effect was quantified by calculating the 
BW’s Wet Bulb Effectiveness (WBE). The WBE can be calculated using the following 
formula: 
WBE (%) = T1db – T2db X 100 
             T1db – T2wb 
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T1db is the dry bulb temperature before the BW and T2db is the dry bulb 
temperature after the BW. T2wb is the wet bulb temperature after the BW. The degree of 
dampness or dryness of the BW’s substrate was obtained using this calculation. The 
WBE varies based on the amount of moisture present in the substrate of the BW’s trays. 
A damper substrate would have a higher WBE. As the fan runs on its duty cycle, the 
substrate would start to dry out over time causing a corresponding decrease in the WBE. 
The WBE, could thus act as indicator of moisture content in the BW’s substrate. 
However, it should be noted that the BW’s fan must be running for this calculation to be 
valid. 
Figure 5.1 is a graph of the BW’s WBE effectiveness calculated once at the fifty 
percent duty cycle, and once at the seventy-five percent duty cycle. The bar graph 
represents the WBE (%) between consecutive irrigation calls. The vertical axis represents 
the average WBE (%) and has a range that goes from minus seven to twenty-one. The 
horizontal axis is a numerical count of the number of hours. Each bar represents the 
average WBE (%) across the BW on an hourly basis, but only during times when the BW 
fan was running. Like the previous plots and graphs, the WBE graph also contains the 
error bars that indicate that the accuracy of the computation. These, based on the standard 
error in the data, are about ± 1%. 
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Figure 5.1 Biowall wet bulb effectiveness 
The WBE (%) exhibits varying trends at both instances. At the seventy-five 
percent duty cycle, the WBE progressively decreases with time. This was expected, as the 
WBE of the BW would decrease with declining substrate moisture levels. At the fifty 
percent duty cycle however, the trend is drastically different. The WBE, initially positive, 
ended up being negative on a number of occasions. This could point to the BW 
potentially absorbing moisture from the airstream. Another posible explanation could be 
that the length of the duty cycle was not long enough to produce a positive WBE.  
The calculations and spreadsheet used to calculate the WBE are available in 
Appendix F. In addition to the spreadsheet used, an online video posted by Ham (2016) 
assisted in calculating the BW’s WBE.  
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5.2 Plant Cover Quantification 
Figure 5.2 is a flow chart of the steps followed to quantify plant cover. Jarou 
(2009) explained the procedure to calculate leaf area using Adobe Photoshop in his 
YouTube video. A simpler version of this procedure quantified plant cover in all three 
trays. The procedure, available in the video, made it easy to calculate approximate plant 
cover in all three trays on a weekly basis. The plant cover is termed approximate as the 
camera managed to capture most but not all of the tray area. Minor shifts in camera 
position also compromised the calculated plant cover slightly. In addition, the Adobe 
Photoshop procedure can also have errors. The steps described in the flowchart are a way 
to minimize that error.  
After opening the image on Adobe Photoshop, the appropriate color range, 
namely the green, white and yellow of the plants, had to be selected. This was done with 
the radio button. By holding the shift key, additional plant parts were added, but with 
caution. Some of the plants had variegated colors. An example of this would be the white 
on the leaves of the marble pothos and the spider plant. Care was taken while selecting 
their leaves, as a careless selection could lead to the Growstone, also white, being 
included in the plant pixels. To avoid this, the researcher left out some of the white on the 
marble pothos and spider plants. In addition, unwanted selections were also covered. For 




























Figure 5.2 Approximate plant cover calculation flowchart  
Obtain BW tray pixels by opening an image of an empty tray on 




Open the first plant image on Adobe 
Photoshop 
Open the color range tool located under select in the main menu. 
Set the radio button to selection. Set the selection preview to Black 
Matte. Set the fuzziness to its maximum value 
 
Make an initial selection of the plant. To add additional foliage, 
hold the SHIFT key and click on what you need to add. Be careful 
not to include the substrate or any other unwanted artifact. 
 
 
 If necessary, cover the unwanted objects and repeat the selection 
process. Once covered, keep reducing the fuzziness until all or 
most of the substrate and unwanted objects are unseen. Final 
       
 
 
Open the histogram tool located in the Window Tab. Enable 
Expanded View and then select Show Statistics. Click on the 
Histogram Refresh button to obtain the pixel count from the left 
corner of the Histogram. 
 
Is the selection 
approximate 
enough?
Repeat the procedure for the remaining images. For the 
selected tray, try to keep the fuzziness constant. This will 
minimize error. Any necessary changes in fuzziness should be 
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The next step in the procedure is to calculate the Approximate Plant Cover in the 
selected tray using the following formula: 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑃𝑃𝐴𝐴𝑃𝑃𝐴𝐴 𝐶𝐶𝐴𝐴𝐶𝐶𝐴𝐴𝐴𝐴 (%) =
𝑁𝑁𝑁𝑁𝐴𝐴𝑁𝑁𝐴𝐴𝐴𝐴 𝐴𝐴𝑜𝑜 𝐴𝐴𝑃𝑃𝐴𝐴𝑃𝑃𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑝𝑝 𝐴𝐴𝑃𝑃 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡
𝑁𝑁𝑁𝑁𝐴𝐴𝑁𝑁𝐴𝐴𝐴𝐴 𝐴𝐴𝑜𝑜 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑝𝑝 𝐴𝐴𝑃𝑃 𝐴𝐴 𝑝𝑝𝐴𝐴𝑃𝑃𝑠𝑠𝑃𝑃𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡
 × 100 
This image analysis and calculation, done for all three trays on a weekly basis, 
provided the approximate plant cover in each tray over the length of the experiment. This 
data was then pictorially represented on an appropriate chart. 
Figure 5.3 contains two scatter plots. The first is a scatter plot of the approximate 
plant cover in all three trays. The vertical axis represents this cover. The axis starts at 
forty and ends at a hundred percent. The horizontal axis measures time in week long 
increments. These, start on the seventh of March, which is when the first image was 
taken. They end, like the final image and the end of the experiment, on the second of 
May. The error bars for each point cover ± 5 % of the approximate plant cover. The plot 
also includes the duty cycles the BW fan operated at and the time period when the BW’s 
irrigation interval was increased.  
All three trays received half a capful of Osmocote on the twenty eighth of March, 
duly indicated. For an accurate comparison of control and experimental tray trend lines, 
another scatter plot had to be used. This unit less scatterplot, termed tray trend line 
overlay, superimposed all three tray trend lines. Each of the trend lines were first traced 
on the first plot. They were then dragged down to the second plot to start at its origin. 
This made it easier to visualize and analyze the available data. Trend lines for all three 










Figure 5.3 Approximate plant cover analysis and trend line overlay 
The trend lines make it clear that the increase in approximate plant cover is 
highest in the control tray. This was expected, but the experimental trays were not too far 
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the increase in approximate plant cover was fairly comparable in all three trays. On the 
other hand, the experimental trays seem unable to keep up with the control tray at the 
seventy-five percent duty cycle. While the increase in approximate plant cover in the 
control tray keeps increasing steadily, the rate of plant cover in the experimental trays 
seems unable to compete with this increase. The two changes, namely, the duty cycle 
increase or the fertilizer addition, might have influenced this.   
On the twenty eighth of March the duty cycle increased from fifty to seventy-five 
percent. All three trays also received half a capful of Osmocote on this date. This 
fertilizer, was spread over the top of each tray. The plants in the control tray were 
watered manually from above. Meanwhile, the soaker hoses continued irrigating the 
middle and bottom layer of the BW’s substrate. This minor difference in irrigation 
method could cause the top layer of the substrate in both experimental trays to be dryer 
than the control tray’s substrate. The nutrients in the fertilizer need to come in contact 
with water to dissolve and spread into the substrate, which, based on the irrigation 
method, would take longer in the experimental trays. This does seem plausible as there is 
an apparent increase in the slope of the control tray’s trend line after fertilization. The 
impact of the increase in BW tray irrigation interval seems to have slowed plant cover 
increase in tray four. The effect of this increase seems to be less pronounced in tray three. 
The impact of the increase in irrigation interval is analyzed further in the graph following 
this one.  
 Increasing the time interval between consecutive irrigation calls did have an 
impact on plant growth in both experimental trays. This purpose of the following graph is 
to make the impact of that increase easier to observe and analyze.  
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 Figure 5.4 is a graph of the weekly increase in approximate plant cover from the 
eleventh of April till the second of May. It is a representation of the weekly increase in 
approximate plant cover just before the increase in BW irrigation interval on the twelfth 
of April and continues till the end of the experiment on the second of May. The vertical 
axis is a percentage of the weekly increase in approximate plant cover in each tray. It has 
a zero to twelve percent range. The horizontal axis represents the time period in week 
long increments. The error bars are inserted using the standard error feature. They have 
range that is about ± 1 % of weekly increase in plant cover. The following formula was 
used to calculate the weekly increase in approximate plant cover. The added trend lines 
facilitated experimental and control tray comparison. 
𝑊𝑊𝐴𝐴𝐴𝐴𝑊𝑊𝑃𝑃𝑡𝑡 𝐴𝐴𝑃𝑃𝐴𝐴𝑃𝑃𝐴𝐴 𝑐𝑐𝐴𝐴𝐶𝐶𝐴𝐴𝐴𝐴 𝐴𝐴𝑃𝑃𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴𝑝𝑝𝐴𝐴 (%)
=  
𝐶𝐶𝑁𝑁𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴 𝑤𝑤𝐴𝐴𝐴𝐴𝑊𝑊 𝐴𝐴𝑃𝑃𝐴𝐴𝑃𝑃𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑝𝑝 –  𝑃𝑃𝐴𝐴𝐴𝐴𝐶𝐶𝐴𝐴𝐴𝐴𝑁𝑁𝑝𝑝 𝑤𝑤𝐴𝐴𝐴𝐴𝑊𝑊 𝐴𝐴𝑃𝑃𝐴𝐴𝑃𝑃𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑝𝑝 
𝑁𝑁𝑁𝑁𝐴𝐴𝑁𝑁𝐴𝐴𝐴𝐴 𝐴𝐴𝑜𝑜 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑝𝑝 𝐴𝐴𝑃𝑃 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝑡𝑡
 × 100 
 






























The weekly increase appears to be a lot higher in the control tray. All three plants 
started at approximately six percent. However, the increased irrigation interval appears to 
have had a substantial impact on plant growth in the experimental trays. While, the 
weekly increase in the control tray continued steadily, the weekly increase in both 
experimental trays declines. This decline is greater in tray four, which witnesses almost 
no growth in its final week. The water deficit appears to have a pronounced impact on 
this tray. Tray three however, experiences only a minor decline in weekly plant cover 
increase. However, the impact of the irrigation interval’s increase is substantial in both 
trays with neither tray able to compete with the control tray after this. The water deficit 
could also delay nutrient release from the Osmocote. A delayed nutrient release could 
slow down plant growth. 
5.3 Biowall Differential Pressure Profile 
Figure 5.5 is a bar graph of the pressure drop across the BW on three separate 
dates. The dates, duty cycle and irrigation interval, are listed below.  
• March twenty fifth, fifty percent duty cycle, ten-hour irrigation interval (Blue). 
• Twelfth April, seventy-five percent duty cycle, fourteen-hour irrigation interval 
 (Red). 
• Twenty fifth April, seventy-five percent duty cycle, ten-hour irrigation interval 
 (Green). 
The vertical axis represents the differential pressure across the BW in inches of 
water column with a 0.06 to 0.072 range. The horizontal axis is a numerical count from 
one to twenty. Each bar represents the average pressure drop across the BW on an hourly 
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basis. Note that these averages were calculated only using times when the BW fan was 
running. This made it easier to view and analyze the differential pressure across the BW. 
The created bars represent the pressure drop across the BW between consecutive 
irrigation calls. Like the previous scatter plot, the standard error was used to include the 
error bars. These error bars have a very small accuracy range, about ± 0.001 inches of 
water. They are included to indicate the expected fluctuation in biowall differential 
pressure. 
 
Figure 5.5 Biowall differential pressure profile 
 It is pretty obvious that the differential pressure across the BW continues to 
decline with time. The three trend lines also have the same slope. The graph makes it 
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differential pressure is linear and proportionate in all three instances. With a month long 
interval between the first and final date, it seems plausible that time does not have a 
major effect on the rate of decline either. Based on this data and graph, the differential 
pressure does seem to be a reliable indicator of moisture in the substrate. The steady 
linear decline in all three cases does point to it monitoring BW substrate moisture well. 
Though the differential pressure does provide a fairly accurate estimate of 
substrate moisture, during the experiment, the differential pressure input never triggered 
the watering valve. In the graph above, the final differential pressure, in all three cases, 
does not fall below 0.06 inches of water column. The BW’s differential pressure input 
was programmed to trigger the watering valve only if this pressure fell and stayed below 
this value for a minute. This did not happen during the experiment. A possible increase in 
BW differential pressure, stemming from plant growth during the experiment, might have 
contributed to this. With expected root growth and visible leaf expansion, this does seem 
a possibility. At the same time, the CC in the substrate could also be decomposing and 
adding to this increase. The influence of plant growth and substrate decomposition does 
necessitate the need to make the differential pressure input control dynamic. 
The differential pressure range on the twenty fifth of March is slightly greater 
than the range in the other two instances. However, this is not a big concern as it is a very 
small increment (about 0.003 inches of water column). The BW fan operated on a fifty 
percent duty cycle at this instance, and on a seventy-five percent duty cycle in the other 
instances. The increase in duty cycle might have removed more moisture from the 
substrate causing a minor decrease in differential pressure.  
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5.4 Irrigation improvements 
 From the data and analysis, it can be seen that leaf expansion in three trays and 
plant death in tray one were the main issues encountered during the experiment. Both 
events, are signs of water scarcity and stress. This section of the improvements focuses 
on two control strategies aimed to improve the BW’s irrigation control program.  
 Making more water available to the plants in the BW is both a mechanical and 
electronic solution. However, the mechanical shortcomings of the system, namely the 
soaker hoses and the possible non-uniformity in watering are not analyzed in this study. 
Developing a mechanical irrigation system that can effectively irrigate all four trays 
uniformly is a project in itself. Instead, this chapter focuses on short term improvements 
that would improve the functionality of the BW’s irrigation program. 
  The two inputs controlling the BW’s watering valve do work. However, for the 
program to operate and maintain healthy growing plants in a house annually, their 
operation needs to be dynamic. The logic of these inputs needs to change based on the 
season and the growth of the plants. To elaborate further, the logic of the fan runtime 
input would change based on the season of the year, while the differential pressure input 
logic would change based on the growth of the plants and the decomposition of the 
growth media in the BW. 
The fan runtime input worked effectively as long as the time interval between 
successive irrigation calls was modest. The plants in the BW also continued to grow at 
both duty cycles. In addition to the fan duty cycle, the chamber’s temperature and RH 
would also have an effect on the rate of moisture loss from each tray’s substrate. As long 
as the substrate was watered after ten-hours of BW fan runtime, the plants in it stayed 
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healthy and kept growing. It was only upon increasing the irrigation interval to fourteen 
and twelve hours at the seventy-five percent duty cycle that water stress made itself 
apparent in the BW’s plants. The plants in the BW acclimated well until this increase. 
Based on data from the test, for the seventy-five percent duty cycle an irrigation call after 
ten-hours of fan runtime should work, except that the temperature and RH of air in the 
chamber and consequently the air passing the through the BW, was closer to what one 
would expect in the spring. A seventy-five percent duty cycle is common during the 
winter season, however, the high heating needs cause the RH of the air passing through 
the BW to be a lot lower than RH in spring, which is what the test conditions were like. 
This reduction in RH needs to be taken into account, as it would increase the moisture 
loss from both the leaves and the substrate. Reducing the ten-hour irrigation interval 
could minimize the stress imposed on plants during winter. Simultaneously, with the 
philodendrons struggling with leaf expansion, it might be beneficial to have more water 
available in the substrate to improve their leaf expansion rates. 
5.4.1 Fan Runtime Input Calibration 
Table 5.1 is a table that recommends the accumulated BW fan runtime after which 
the trays should be irrigated. Testing this table on the BW is very simple. The IF 
condition in the fan runtime input simply needs to be changed to the number of 
Cumulative BW fan runtime hours. 
  These recommendations are made by comparing the analyzed experimental data 
on plant health with the season, the expected daily airflow and the expected plant growth 
needs. It also takes the expected home RH into account but this factor would be beyond 
the BW’s control. The table starts in spring, goes through summer and fall, and ends in 
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winter, thus completing an annual cycle. It recommends a planting cycle that starts in 
spring and ends in winter.  
Table 5.1 Biowall operating modes 
Season Expected daily 
airflow (duty 
cycle). 
Plant vigor and 
growth comments/ 
Fertilizer needs. 

















Best time to place 
plants. Low 
runtime & 
moderate RH let 





leaf and substrate 
moisture loss. 












50 – 75 %. 
Cooling and  
De-
humidifying 
needs cause an 
increase in fan 
runtime.   





Ten. Though runtime 
increases, increase in 
RH reduces substrate 
and leaf moisture 
loss. Plants should 
be well acclimated 









25 %.  





Plants continue to 
grow. Fertilizer 
can be added, but 
only if necessary. 
Ten. Bigger plants 
need more water. 
Fan runtime reduces, 
but so does the RH, 
raising substrate and 



















complete. Plants in 
maintenance or 
reproductive 
mode. Do not 
fertilize. Re-
planting, can start 
at the end of 
winter.  
Eight. Substantial 
moisture loss from 
mature leaves and 
substrate. High fan 









home RH.  
 As mentioned earlier, the plants seemed to be growing well at the seventy-five 
percent duty cycle and when the trays were watered after ten hours of BW fan runtime. A 
seventy-five percent duty cycle is what the plants would be subjected to in the winter, 
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when the air is very dry. The chamber conditions however, were closer to what one 
would expect in spring. This needs to be taken into account and it is why an estimated 
eight-hour irrigation interval is recommended to keep the plants alive in winter. 
Moreover, at this stage, the growth is expected to be completed, and given the dryness of 
the air, the plants are expected to be in a survival or reproductive state. 
 Spring would be the best time to place and grow plants in the BW. Low airflow 
and pleasant weather would allow the plants to acclimate and eventually start growing. 
With the BW fan runtime expected to be reduce substantially, the irrigation interval 
would concurrently increase. To avoid a prolonged irrigation interval, the estimated 
interval is set to twelve hours. This might change when actually tested in a home. 
 When summer and fall come around the runtime input could be changed to ten 
hours for both seasons. During summer, airflow would increase to meet cooling needs, 
hence the reduced irrigation interval. The airflow in fall is lower, but simultaneously, so 
is the RH, leading to greater moisture loss from the leaves and substrate. Ten hours, 
considering these factors, is also recommended for fall.  
 Winter is when the BW’s plants would undergo the greatest stress. Dry air, 
combined with an increased duty cycle, would cause substantial moisture loss from both 
the substrate and the leaves of the plants. During the winter season, the BW should be set 
to survival mode, where the BW’s primary focus, is not on growth, but on the survival 
and vigor of the plants in it. After surviving the winter, a new growth cycle could be 




5.4.2 Differential Pressure Input Optimization 
 The differential pressure input, active initially, became dormant later on. Plant 
growth and substrate decomposition might be plausible causes behind this. To account 
for the possible increase in differential pressure, a longer testing period might aid in the 
creation of a dynamic input. The data collected from this period should assist in making 
the BW’s differential pressure control dynamic and account for the increase in pressure 
drop. The steps to make this possible are described in the flow chart below. 
 Figure 5.6 is a flow chart describing this process. After placing the plants in their 
trays the substrate should first be watered. The volume of each tray is about twenty-six 
liters, most of which will be filled with the substrate. A well-watered substrate is one that 
can have a quarter of its volume filled with water. A quarter of twenty-six liters is six and 
a half liters, or six liters for convenience. The flow chart assumes that the WHC of the 
substrate is greater than twenty-five percent. The remaining steps are as described in the 
flow chart. The recorded differential pressure value should be used as the set point in the 
IF condition controlling the differential pressure input. All increments, would also be 





Figure 5.6 Differential pressure input control flowchart 
 
 
Manually water each tray till it 
is fairly damp (About six liters). 
Record the pressure drop across 

















Figure 5.6 Differential pressure input control flowchart (continued) 
5.5 Secondary Improvements 
The secondary improvements are not necessary but included as they might further 
optimize the BW’s lighting system and plant growth substrate. 
5.5.1 Light optimization 
Though the LED lights did not impede plant growth, minor improvements in 
lighting can create a more hospitable environment plant growth. The simplest way to do 
this would be to make more light available in the growth area through reflectance. 
Use the recorded value as the input to 
control the differential pressure input to 
the controller. Monitor plant health to 
gauge effectiveness.  
 
A recommended monthly increment of 
0.01 inches of H2O should keep this input 
working in tandem with the runtime input. 
 
Increment may need to be increased 
based on monthly plant growth rate and 
substrate degradation. 
If necessary, test the input independently 
by turning off the runtime input. 
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Though Aluminum is highly reflective, this reflectance can be improved further by 
adding Aluminum plates at the entrance of each growth area. Vertical aluminum plates, 
or blinders, mounted at the entrance and at the top of each growth area would improve 
light reflectance and also cover the LED lights. This shading the plates provide, would 
make the lights less conspicuous and make it easier for the homeowner to view the plants 
in the BW. This simple addition could thus improve both the aesthetics of the BW and 
make more light available to the plants.  
 The LED grow lights are also the most expensive feature of the BW. Looking at 
alternative options that are cheaper, yet still maintain the desired light intensity are 
worthwhile. The expensive power supply needed to power the lights, if replaced by a 
cheaper alternative would certainly lower the upfront cost a homeowner has to pay for a 
new BW and make it easier to market such a product.  
 Increasing the length of the lights to fifteen inches would also improve PAR 
levels in the BW. With more PAR available, the lights need to be turned on for a shorter 
duration making them less noticeable to the homeowner.  
5.5.2 Substrate optimization 
 The substrate used to propagate the plants consisted of forty percent CC, forty 
percent Growstone and twenty percent AC. This volumetric composition, though not an 
impediment, can be improved. Replacing the fibrous CC with a chunkier coir would 
lower the substrate’s TP and improve substrate AFP. Simultaneously, the WHC, which 
was already well above what is needed, would also reduce and create a well-balanced 
substrate in which the plants can grow.  
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 The substrate’s pH, higher than the range recommended for these plants, could be 
remediated if needed. This step, though helpful, does not seem necessary. The plants 
seemed to tolerate the higher pH in the BW. 
5.6 Conclusion 
The BW’s mechanical and software components operated as expected. A 
comparison of experimental and control trays pointed to it maintaining satisfactory plant 
vigor and growth for the majority of the experiment. However, minor changes in its 
irrigation control program, made apparent certain mechanical and software defects in the 
BW. These changes and their associated flaws, had a detrimental effect on the health of 
the plants in the BW. The strategies to fix the issues at hand and the possible methods to 
go about it are then detailed at the end of this chapter. These strategies, need to be field 
























LIST OF REFERENCES  
Alraddadi, O. (2016). Investigating the toluene removal of a botanical air-filter with a 
 loose-packed growth medium for potential energy savings. West Lafayette: Purdue 
 University 
Aydogan, A. (2012). Building-integrated active modular phytoremediation system 
 (Doctoral dissertation, Rensselaer Polytechnic Institute).  
 
Bakó-Biró, Z. S., Wargocki, P., Wyon, D. P., & Fanger, P. O. (2005). Poor indoor air 
 quality slows down metabolic rate of office workers. Proceedings of indoor air, 
 Beijing, 1(1), 76– 80.   
 
Burge, P. S. (2004). Sick building syndrome. Occupational and Environmental   
Medicine, 61(2), 185-190.  
 
Burger, H. (1990). Bioaerosols: Prevalence and health effects in the indoor environment. 
 Journal of Allergy and Clinical Immunology, 86(5), 687-701.  
 
Camberato, D. M., R. G. Lopez, and M. V. Mickelbart. pH and electrical conductivity  
  measurements in soilless substrates. Purdue Univ. Ext., 1–7. HO-237-W, 2009. 
 
Cox, C. S., & Wathes, C. M. (Eds.). (1995). Bioaerosols handbook. ISBN 0-87371- 
615-9.  
 
Darlington. (2004). An Integrated Indoor Air Biofiltration System for Municipal 
 Infrastructure. Guelph, ON: Air Quality Solutions Ltd. 
 
Darlington, A., Chan, M., Malloch, D., Pilger, C., & Dixon, M. A. (2000). The 
 biofiltration of indoor air: Implications for air quality. Indoor Air, 10, 39-46. 
 
Davis, M. M., & Hirmer, S. (2015). The potential for vertical gardens as evaporative  
coolers: An adaptation of the ‘Penman Monteith Equation’. Building and 
 Environment, 92, 135-141.  
 
Davis, M. M., & Ramirez, F. (2013). Muro Orgánico Urbano Silvestre Sostenible   
(MOUSS). In Instituto Nacional de Eficiencia Energética y Energías Renovables,   
Primer Congreso Internacional y Expo Cientifica. Investigación Sostenible  
Energías Renovables y Eficiencia Energética; 2013 Nov 28–Dec 01. INER Quito.  
105 
 
Gessert, G. (1976). Measuring a medium's airspace and water holding capacity. 
 Ornamentals Northwest, 3, 59-60.  
 
Ham, J. (2016, February 29). Calculating wet bulb temperature from weather data using 
 Excel [Video file]. Retrieved from 
 https://www.youtube.com/watch?v=rWS2mUZfd1s 
 
Jarou, Z. (2009, April 15). Measuring Leaf Area with Adobe Photoshop 3 [Video file]. 
 Retrieved from https://www.youtube.com/watch?v=E3O-V6WLw0g 
 
Kim, K. J., Kil, M. J., Song, J. S., Yoo, E. H., Son, K.-C., & Kays, S. J. (2008). 
 Efficiency of volatile formaldehyde removal by indoor plants: Contribution of  
 Aerial Plant Parts versus the Root Zone. Journal of the American Society for  
 Horticultural Science, 133(4), 521-526.  
 
Leuner, H. (2016). Design and evaluation of a full scale botanical air filter to improve 
 indoor air quality in energy efficient buildings. (Diploma’s  Thesis). Dresden 
 University of Technology, Dresden, Germany. 
 
Mietusch, R. (2015). Design and Installation of a Biowall Test Bench. (Diploma’s 
 Thesis). Dresden University of Technology, Dresden, Germany. 
 
Newkirk, D. (2012). Improving indoor air quality through botanical air filtration in 
 energy efficient residences. West Lafayette: Purdue University  
 
Newkirk, D. W., Hutzel, W. J., Dana, M., & Qu, M. (2014). Energy Modeling of a  
Botanical Air Filter. International High Performance Buildings Conference.  
Retrieved from http://docs.lib.purdue.edu/ihpbc  
 
Ole Fanger, P. (2006). What is IAQ? Indoor Air, 16(5), 328-334.  
 
Pilon-Smits, E. (2005). Phytoremediation. Annu. Rev. Plant Biol., 56, 15-39. 
Pérez-Lombard, L., Ortiz, J., & Pout, C. (2008). A review on buildings energy 
 consumption information. Energy and buildings, 40(3), 394-398.  
 
Redlich, C. A., Sparer, J., & Cullen, M. R. (1997). Sick-building syndrome. The   
Lancet, 349(9057), 1013-1016.  
 
Rodgers. (2012). Energy Reduction Using Biofiltration in a Highly Efficient Residential               
Home. West Lafayette: Purdue University.  
 
Rodgers, K., Handy, R., & Hutzel, W. (2013). Indoor Air Quality (IAQ) Improvements   
            Using Biofiltration in a Highly Efficient Residential Home. Journal of Green  
Building, 8(1), 22-27.  
106 
 
Satish, U., Mendell, J. M., Krishnamurthy, S., Hotchi, T., Sullivan, D., Streufert, S., Fisk,  
 W., (2014). Is CO2 an indoor pollutant? Direct effects of low to moderate CO2 
 concentrations on human decision making performance. Environmental health 
 perspectives.  
 
Soreanu, G., Dixon, M., & Darlington, A. (2013). Botanical Biofiltration of Indoor  
 Gaseous Pollutants - a Mini-Review. Chemical Engineering Journal.  
 
Sundell, J. (2004). On the history of indoor air quality and health. Indoor air, 14(S7), 51- 
 58  
Sundell, J., Levin, H., Nazaroff, W. W., Cain, W. S., Fisk, W. J., Grimsrud, D. T., & 
 Weschler, C. J. (2011). Ventilation rates and health: multidisciplinary review of 
 the scientific literature. Indoor air, 21(3), 191-204.  
 
Takigawa, T., Saijo, Y., Morimoto, K., Nakayama, K., Shibata, E., Tanaka, M., & Kishi, 
 R. (2012). A longitudinal study of aldehydes and volatile organic compounds 
 associated with subjective symptoms related to sick building syndrome in new 
 dwellings in Japan. Science of the Total Environment, 417, 61-67.  
 
Torres, A. P., & Lopez, R. G. (2010). Commercial Greenhouse Production–Measuring 
 Daily Light Integral in a Greenhouse. Purdue University Cooperative Extension 
 Service.  
 
Trinklein, D. H. (2002). Lighting Indoor Houseplants. Extension publications (MU).  
 
Tsai, D. H., Lin, J. S., & Chan, C. C. (2012). Office workers’ sick building syndrome and 
 indoor carbon dioxide concentrations. Journal of occupational and environmental 
 hygiene, 9(5), 345-351.  
 
Tripepi, R. R. n.d. What is your substrate trying to tell you. University of Idaho, Moscow,  
ID 
 
U.S. Environmental Protection Agency. (1989, August). Assessment and Control of 
Indoor Air Pollution. Report to Congress on Indoor Air Quality, 2, EPA/400/1- 
89/001C. 
 
Wolverton, B. C. (1997). How to grow fresh air. Penguin books.  
 
Wang, Z., & Zhang, J. S. (2011). Characterization and performance evaluation of a full- 
 scale activated carbon-based dynamic botanical air filtration system for improving 
 indoor air quality. Building and Environment, 46, 758-68.  
 
Wyon, D. P., & Wargocki, P. (2013). How indoor environment affects performance. 
 ASHRAE Journal 3(5), 46-52. 
107 
 
Yu, C. W. F., & Kim, J. T. (2010). Building pathology, investigation of sick buildings—
 VOC emissions. Indoor and Built Environment, 19(1), 30-39. 
 
 






















Appendix A: Statement of Work 
The following is a list of the tasks needed to start and complete the research in 
this study. It begins with plant propagation and production and ends with an analysis of 
the results obtained from the experiment. The intermediate steps are also listed and 
described. 
Statement of Work 
Timeline 2015 2016 
Task Month Aug Sep Oct Nov  Dec  Jan  Feb Mar  Apr May Jun 
Plant Propagation 
and Production                       
Substrate, fertilizer 
and lighting                       
Biowall Control 
Programming                       
Biowall 
Commissioning                       
Laboratory 
Testing                       
Analyze  
Results                       
Document and 
Publish Findings                       
 
Plant Propagation and Production  
The plants in the BW will be grown at Purdue’s horticultural greenhouse before 
they could be tested. This propagation means taking cuttings from fully grown plants and 
letting them grow in the greenhouse from August to November. Plant propagation will 
continue till October. The propagated plants will stay in the greenhouse until they are 
brought to the environmental chamber in February and March.  
 
109 
Substrate, fertilizer and lighting 
  The substrate the produced plants would grow in will be investigated as it would 
need to maintain moisture levels suitable for plant growth, capture the air stream’s 
contaminants and also let he required volume of air flow through it. After a detailed study 
of both hydroponic growing media as well as the substrates used in numerous botanical 
bio-filters, a substrate mixture will be decided. The type and quantity of fertilizer needed 
to keep the plants healthy and growing will be based on initial nutrient levels in the final 
substrate mixture. Additional fertilizer, if needed, will be added later. 
Like the substrate, the available lighting options need to be reviewed too. Suitable 
systems and lighting types will be studied and a lighting system that can provide enough 
light for the plants to survive and thrive will be utilized. The system would also need the 
compatible with the BW’s automated controller. 
Biowall Control Programming 
The programs controlling the BW’s operation will be developed over a four-
month period from October to February. A Building Automation System (BAS) from 
Automated Logic Corporation (ALC) will provide automated control over the Biowall’s 
lights, irrigation and fan. This BAS will control their operation based on prompts from 
their respective control programs. A control program is a logical sequence of code that 
will operate the selected component based on the inputs it receives.  
These control programs however, need to be developed. For this, a study of the 
water and light levels necessary to sustain plant vigor and growth will first commence. 
110 
These data will then be used to develop the code for the respective control program. In 
addition, the BW’s fan will utilize another control program that controls its operation. 
This program would also communicate with the BW’s light and irrigation programs to 
ensure that all three components operate in tandem and without interfering with each 
other. The control programs would be commissioned and tested in the spring of 2016. 
Biowall Commissioning 
 Before the actual experiment to evaluate plant health can begin, the BAS and the 
mechanical components of the BW, namely its, lights, fan and irrigation need to be 
checked for any faults. This commissioning will take during the months of January, 
February and March. The control programs will also be checked for any malfunctions 
during this period. 
Laboratory Testing 
 In March, an experiment seeking to evaluate the effectiveness of the BW’s 
components in maintain plant vigor and growth will commence. This experiment will 
evaluate the effectiveness of the control programs in maintaining plant vigor and growth 
over a period of two months. The experiment, which will end in May, will also be used to 
gauge the effectiveness of the BW’s lights, irrigation and fertilization strategies in 
maintaining plant health.  
 In this experiment, the health of the plants in the BW will be compared with the 
health of another set of plants. These plants, like the plants in the BW, will be placed in 
the environmental chamber housing the BW. The light and fertilization they receive will 
111 
be comparable to the BW’s plants. The prime difference will be the lack of airflow 
through their substrate. They will also be watered regularly.  
Analyze Results 
 The data collected from this experiment, will first be quantified and later 
analyzed. There will be a quantification of the BW’s impact on temperature and relative 
humidity in the chamber as well as a quantification of plant health. The obtained results 
will then be analyzed. These results will serve as the basis for recommendations that will 
improve future iterations of the BW. A two-month period should suffice in providing 
results that will improve the BW. 
Document and Publish Findings 
 The data and findings from each step of the process will be archived and stored in 
a safe location. After completing an analysis of the data from the experiment, the 
resulting conclusion will then be written and archived. The document containing the 
details of the study will be published and available to readers on paper or electronically. 







Appendix B: Light Calculations 
Figure B.1 is a drawing of the approximate positions where PAR measurements were taken. 
The 22” x 18” rectangle represents a Biowall tray. The lines labelled one through five are 
the positions where light measurements were taken. Their distance from the edge of the tray 
is also indicated. In order to measure PAR, the sensor had to be used twice at one position. 
This was because the sensor was not long enough to cover the 18” in one go. Arrows at 
position one indicate the approximate places it was held at. The two measurements were 
then averaged. The researcher recorded the PAR at the remaining positions the same way. 
The PAR available at each tray was an average of these five values. The same procedure 
































Table B.1(A) PAR values at the start of the experiment. 
Tray No. 1 2 3 4 5 MEAN 
1 73 83.5 88 82.5 72.5 79.9 
2 70.5 79.5 83 77 67.5 75.5 
3 69.5 81 85.5 82.5 74.5 78.6 
4 67 78.5 86 84 70.5 77.2 
5 67.5 83 85 85 69.5 78 
6 69 78 84 75 71 75.4 
AVERAGE FOR ALL SIX TRAYS 77.4 
 
Table B.1(B) Par values at the end of the experiment. 
Tray No. 1 2 3 4 5  MEAN 
1 72.5 82 86.5 81.5 70 78.5 
2 71.5 80 81 76 67.5 75.2 
3 69.5 77 84 80.5 73.5 76.9 
4 73 79 83.5 84 70.5 78.0 
5 67 81 85 80 70 76.6 
6 70 78 83.5 79 69 75.9 
AVERAGE FOR ALL SIX TRAYS 76.9 
 
Average PAR per tray = 77.4 µmol.m-2.s-1 
To convert PAR (µmol/m2/s) to DLI (moles/day), multiply by 0.0864. The 0.0864 factor 









A day contains twenty-four hours. Hence, for the selected photoperiod of fifteen-hours, 














Appendix C: Substrate Calculations 
 The following is a bulleted list of the steps followed and formulae used to 
calculate substrate TP, AFP and WHC. The recorded measurements are also included. 
• Record the weight of the empty container. 
Container weight (empty Ziploc box) = 84 grams (gms) 
• Record container volume by filling it with water. 
Volume of container = 2500 ml or 2500 grams (gms) 
• After saturating the sealed container with water, record the weight of the container. 
This is the total weight.  
• Drain the water present in the substrate. Do this by flipping the Ziploc container and 
collect the water in another container. Record the weight of the water drained. 
Remember to not include the weight of the container. 
• Remove the container lid. Place the substrate in a baking tray. Contact the 
horticultural greenhouse tech in order to use the drying oven. Do as instructed. After 
the sample is completely dry, record the weight of the substrate. Remember to 
subtract the weight of the baking tray.  
• Calculate Total Porosity of the substrate.  
Total porosity (TP) (%) = Weight of water at saturation (gm) X 100                        





Weight of water at saturation (gms) = Total weight – container weight – oven dry weight 
• Calculate AFP of the substrate 
Air Filled Porosity (AFP) (%) = Weight of water drained (gm) X 100 
                                                    Weight of water in container (gm)    
• Calculate substrate WHC 
Water Holding capacity (WHC) (%) = TP – AFP 
• Average the TP, AFP and WHC individually to obtain substrate TP, AFP and WHC. 
 












TP (%) AFP (%) WHC 
(%) 
One  2602 484 774 70 19.4 59.1 
Two 2518 388 818 64.7 15.5 57.5 
Three 2626 401 833 68.4 16 60.9 











Appendix D: Biowall Controls 





























AI – Discharge Temp (DT)  








AI – Biowall Static Pressure Drop (SP)
AI – Zone Temp (ZT)
AI - Zone Humidity (ZH)
DI – Light Feed Back Signal (LFS)
DI – Water valve Feed Back Signal (WFS)
DI – HVAC Feed Back Signal (HFS)
DI – ERV Feed Back Signal (EFS)
DI – Local Overide Switch (LOS)
DI – Water Leak Signal (WLS)
DO – Fan Speed High  (FH)





DI – Fan Feed Back Signal (FFS)
DO - Light Power Switch (LO)























Biowall Sequence of Operation 
                                                                                                                                   
06/21/2016 
RUN Conditions – Scheduled: 
The unit will run when the AHU discharge fan is on or when the ERV fan is on. 
Supply Fan: 
The supply fan will run anytime the unit is commanded on. The fan will run based on the 
status of the following inputs: 
• AHU discharge fan 
• BW duty cycle 
• BW watering valve  
• Post-irrigation fan shut-off 
Alarms will be provided as follows: 
• Supply Fan Failure: Commanded on, but the status is off. 
• Supply Fan in Hand: Commanded off, but the status is on. 
• Supply Fan Runtime Exceeded: Status runtime exceeds a user definable limit. 
Lighting System: 
The lights will be turned on according to the given schedule. The lights may also be 
turned on or off by the binary override switch. 
Alarms will be provided as follows: 
• Lighting System Failure: Commanded on, but the status is off. 
• Lighting System in Hand: Commanded off, but the status is on. 
• Lighting System Runtime Exceeded: Status runtime exceeds a user definable 
limit. 
Watering System: 
The water system will be turned on based on the prompt from either the fan runtime input 
or the differential pressure input. 
Alarms will be provided as follows: 
• Water System Failure: Commanded on, but the status is off. 





• When water is present on the floor due to leaks: The entire system will be 
shutdown. 
 
Biowall Control Algorithms 
 
RNBWLO 
































































Appendix E: Chronology of Experiments 
1. Biowall control program commissioning and testing – February and March 2016 
 






group (BW tray 
3 and 4) 
treatment  






below (inches WC) 
One 
7th March 2016       
(6.00 pm) 
50 % duty cycle 
begins 
Ten hours 0.06 
28th March 2016  
(Afternoon) 




28th March 2016 
(6.00 pm) 
75 % duty cycle 
begins 
Ten 0.06 
12th April 2016 Irrigation 
interval raised 
to 14 hours 
Fourteen 0.06 
13th April 2016 Irrigation 
interval reduced 
to 12 hours 
Twelve 0.06 
15th April 2016 Irrigation 
interval reduced 
to 10 hours 
Ten 0.06 
 2nd May 2016   
(6.00 pm) 




3. Fertilization Chronology 
 
Fertilizer Dates Osmocote Quantity 
15th February 2016 Half a capful per tray 





Appendix F: Analyzed Data 
 
1. Substrate pH and EC 
 
Sample pH EC 
1 7.8 0.6 
2 7.5 0.58 
3 7.5 0.64 
Average 7.6 0.61 
 
2. Plant Cover Quantification Data 
Approximate plant cover data 
 
 
Weekly Increase in approximate plant cover 
 
Dates Control tray plant pixels % Plant Cover Tray 4 plant pixels % Plant Cover Tray 3 plant pixels % Plant Cover
3/7/2016 3895418 42.7 4056068 44.5 5646162 61.9
3/14/2016 4417231 48.4 4923301 54.0 6587795 72.2
3/21/2016 4752357 52.1 5211376 57.1 7036270 77.2
3/28/2016 4806505 52.7 5368271 58.9 7007223 76.8
4/4/2016 5271664 57.8 6010982 65.9 6849330 75.1
4/11/2016 5827337 63.9 6556878 71.9 7438329 81.6
4/18/2016 6471803 71.0 6839014 75.0 7618952 83.5
4/25/2016 7048964 77.3 6930046 76.0 8201830 89.9
5/2/2016 8084672 88.6 7064858 77.5 8448620 92.6
Biowall Tray Pixels - 9119952
Dates Control Group Plant Pixels Tray 4 Plant Pixels Tray 3 Plant Pixels CG % Increase Tray 4 % Increase Tray 3 % Increase
3/7/2016 3895418 4056068 5646162 0.0 0.0 0.0
3/14/2016 4417231 4923301 6587795 5.7 9.5 10.3
3/21/2016 4752357 5211376 7036270 3.7 3.2 4.9
3/28/2016 4806505 5368271 7007223 0.6 1.7 -0.3
4/4/2016 5271664 6010982 6849330 5.1 7.0 -1.7
4/11/2016 5827337 6556878 7438329 6.1 6.0 6.5
4/18/2016 6471803 6839014 7618952 7.1 3.1 2.0
4/25/2016 7048964 6930046 8201830 6.3 1.0 6.4




3. Wet Bulb Effectiveness (WBE) Calculations 
The images below contain the excel spreadsheets used to calculate the wet bulb 
effectiveness at the seventy-five percent duty cycle. Two spreadsheets were used to 
compute the WBE (%) at the seventy-five percent duty cycle, both of these are included. 
In the first spreadsheet, the dew point temperature at the inlet of the BW was calculated. 
The dew point data was used to calculate the wet bulb temperature at the inlet of the BW. 
This temperature is used in the formula to calculate the instantaneous WBE (%). Hourly 
WBE (%) was then averaged to create the bar graph shown in figure 5.1. The calculations 
are for a WBE (%) between consecutive irrigation calls. 
Using temperature and RH values from a fifty percent duty cycle, the same 
spreadsheets were used to calculate the wet bulb effectiveness of the BW at the fifty 
percent duty cycle. The file containing the calculations for the WBE at the fifty percent 
duty cycle is available at the following location:  
M:\MET\AEL Projects\Projects\Biowall 2014- 2016\Biowall (BR)\Thesis\Analyzed 








• WBE (%), 75 % duty cycle, 4/8/2016, ten-hour irrigation interval 
 
Pressure 14.6
t, DB temp, ⁰F φ, Relative H T, Absolute, ⁰R 1. Pws(t), psia 2. Pw ,psia 3. W, lbw/lbda 4. Ws , lbw/lbda 5. µ 6. ν, ft^3/lbda 7. h, btu/lbda 8. td , ⁰F
64.7 0.299 524.37 0.30255383 0.090464 0.003877683 0.01316122 0.2946 13.3900776 19.7536149 32.463
64.7 0.306 524.37 0.30255383 0.092581 0.003969044 0.01316122 0.3016 13.3920323 19.8531737 33.045
64.7 0.319 524.37 0.30255383 0.096515 0.004138786 0.01316122 0.3145 13.3956641 20.0381456 34.096
64.7 0.321 524.37 0.30255383 0.09712 0.004164908 0.01316122 0.3165 13.396223 20.0666118 34.254
64.7 0.324 524.37 0.30255383 0.098027 0.004204095 0.01316122 0.3194 13.3970615 20.1093154 34.490
64.7 0.326 524.37 0.30255383 0.098633 0.004230223 0.01316122 0.3214 13.3976205 20.1377875 34.646
64.7 0.331 524.37 0.30255383 0.100145 0.004295552 0.01316122 0.3264 13.3990183 20.2089781 35.032
64.7 0.333 524.37 0.30255383 0.10075 0.004321687 0.01316122 0.3284 13.3995775 20.2374585 35.185
64.7 0.336 524.37 0.30255383 0.101658 0.004360894 0.01316122 0.3313 13.4004163 20.2801835 35.413
64.7 0.336 524.37 0.30255383 0.101658 0.004360894 0.01316122 0.3313 13.4004163 20.2801835 35.413
64.7 0.337 524.37 0.30255383 0.101961 0.004373965 0.01316122 0.3323 13.400696 20.2944264 35.488
64.7 0.337 524.37 0.30255383 0.101961 0.004373965 0.01316122 0.3323 13.400696 20.2944264 35.488
64.7 0.339 524.37 0.30255383 0.102566 0.004400106 0.01316122 0.3343 13.4012553 20.3229139 35.639
64.9 0.336 524.57 0.30467247 0.10237 0.004391647 0.013255346 0.3313 13.4061856 20.3620858 35.590
64.9 0.337 524.57 0.30467247 0.102675 0.00440481 0.013255346 0.3323 13.4064674 20.376431 35.666
64.9 0.338 524.57 0.30467247 0.102979 0.004417974 0.013255346 0.3333 13.4067491 20.3907768 35.741
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
64.9 0.337 524.57 0.30467247 0.102675 0.00440481 0.013255346 0.3323 13.4064674 20.376431 35.666
64.9 0.338 524.57 0.30467247 0.102979 0.004417974 0.013255346 0.3333 13.4067491 20.3907768 35.741
65.2 0.338 524.87 0.30787481 0.104062 0.004464743 0.013397672 0.3332 13.415418 20.5143417 36.007
65.2 0.339 524.87 0.30787481 0.10437 0.004478048 0.013397672 0.3342 13.415703 20.5288428 36.083
64.9 0.343 524.57 0.30467247 0.104503 0.0044838 0.013255346 0.3383 13.4081581 20.4625147 36.115
64.7 0.341 524.37 0.30255383 0.103171 0.004426251 0.01316122 0.3363 13.4018147 20.3514038 35.788
64.9 0.342 524.57 0.30467247 0.104198 0.004470633 0.013255346 0.3373 13.4078763 20.4481659 36.041
64.7 0.343 524.37 0.30255383 0.103776 0.004452397 0.01316122 0.3383 13.4023741 20.3798961 35.937
64.9 0.342 524.57 0.30467247 0.104198 0.004470633 0.013255346 0.3373 13.4078763 20.4481659 36.041
64.7 0.339 524.37 0.30255383 0.102566 0.004400106 0.01316122 0.3343 13.4012553 20.3229139 35.639
64.9 0.341 524.57 0.30467247 0.103893 0.004457468 0.013255346 0.3363 13.4075945 20.4338177 35.966
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
64.9 0.341 524.57 0.30467247 0.103893 0.004457468 0.013255346 0.3363 13.4075945 20.4338177 35.966
64.9 0.34 524.57 0.30467247 0.103589 0.004444302 0.013255346 0.3353 13.4073127 20.4194701 35.891
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
64.9 0.336 524.57 0.30467247 0.10237 0.004391647 0.013255346 0.3313 13.4061856 20.3620858 35.590
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
65.2 0.339 524.87 0.30787481 0.10437 0.004478048 0.013397672 0.3342 13.415703 20.5288428 36.083
65.2 0.339 524.87 0.30787481 0.10437 0.004478048 0.013397672 0.3342 13.415703 20.5288428 36.083
64.9 0.337 524.57 0.30467247 0.102675 0.00440481 0.013255346 0.3323 13.4064674 20.376431 35.666
65.2 0.335 524.87 0.30787481 0.103138 0.004424834 0.013397672 0.3303 13.4145633 20.4708421 35.780
65.2 0.337 524.87 0.30787481 0.103754 0.00445144 0.013397672 0.3323 13.4151331 20.4998412 35.932
65.2 0.336 524.87 0.30787481 0.103446 0.004438136 0.013397672 0.3313 13.4148482 20.4853413 35.856
64.7 0.301 524.37 0.30255383 0.091069 0.003903783 0.01316122 0.2966 13.390636 19.7820573 32.630
64.7 0.307 524.37 0.30255383 0.092884 0.003982098 0.01316122 0.3026 13.3923116 19.8673987 33.128
64.9 0.313 524.57 0.30467247 0.095362 0.004089052 0.013255346 0.3085 13.3997089 20.0323128 33.792
64.9 0.316 524.57 0.30467247 0.096277 0.004128505 0.013255346 0.3115 13.4005533 20.0753086 34.033
64.7 0.325 524.37 0.30255383 0.09833 0.004217159 0.01316122 0.3204 13.397341 20.1235512 34.568
64.5 0.326 524.17 0.30044811 0.097946 0.004200583 0.013067696 0.3214 13.3918766 20.0571145 34.469
64.7 0.327 524.37 0.30255383 0.098935 0.004243288 0.01316122 0.3224 13.3979 20.1520244 34.723
64.7 0.331 524.37 0.30255383 0.100145 0.004295552 0.01316122 0.3264 13.3990183 20.2089781 35.032
64.7 0.329 524.37 0.30255383 0.09954 0.004269419 0.01316122 0.3244 13.3984591 20.1805001 34.878
64.7 0.331 524.37 0.30255383 0.100145 0.004295552 0.01316122 0.3264 13.3990183 20.2089781 35.032
64.7 0.333 524.37 0.30255383 0.10075 0.004321687 0.01316122 0.3284 13.3995775 20.2374585 35.185
64.7 0.333 524.37 0.30255383 0.10075 0.004321687 0.01316122 0.3284 13.3995775 20.2374585 35.185
64.7 0.335 524.37 0.30255383 0.101356 0.004347825 0.01316122 0.3304 13.4001367 20.2659412 35.337
64.7 0.331 524.37 0.30255383 0.100145 0.004295552 0.01316122 0.3264 13.3990183 20.2089781 35.032
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
64.9 0.332 524.57 0.30467247 0.101151 0.004339001 0.013255346 0.3273 13.4050588 20.3047111 35.286
64.9 0.33 524.57 0.30467247 0.100542 0.004312681 0.013255346 0.3254 13.4044954 20.2760273 35.132




65.2 0.33 524.87 0.30787481 0.101599 0.004358328 0.013397672 0.3253 13.413139 20.3983549 35.398
65.2 0.33 524.87 0.30787481 0.101599 0.004358328 0.013397672 0.3253 13.413139 20.3983549 35.398
65.2 0.332 524.87 0.30787481 0.102214 0.004384929 0.013397672 0.3273 13.4137087 20.4273479 35.551
64.9 0.33 524.57 0.30467247 0.100542 0.004312681 0.013255346 0.3254 13.4044954 20.2760273 35.132
64.9 0.334 524.57 0.30467247 0.101761 0.004365323 0.013255346 0.3293 13.4056222 20.3333972 35.438
64.7 0.33 524.37 0.30255383 0.099843 0.004282485 0.01316122 0.3254 13.3987387 20.1947388 34.955
64.9 0.328 524.57 0.30467247 0.099933 0.004286364 0.013255346 0.3234 13.4039321 20.247346 34.978
64.9 0.332 524.57 0.30467247 0.101151 0.004339001 0.013255346 0.3273 13.4050588 20.3047111 35.286
64.9 0.329 524.57 0.30467247 0.100237 0.004299522 0.013255346 0.3244 13.4042138 20.2616864 35.055
64.7 0.331 524.37 0.30255383 0.100145 0.004295552 0.01316122 0.3264 13.3990183 20.2089781 35.032
64.7 0.332 524.37 0.30255383 0.100448 0.004308619 0.01316122 0.3274 13.3992979 20.223218 35.108
64.7 0.331 524.37 0.30255383 0.100145 0.004295552 0.01316122 0.3264 13.3990183 20.2089781 35.032
64.7 0.332 524.37 0.30255383 0.100448 0.004308619 0.01316122 0.3274 13.3992979 20.223218 35.108
64.7 0.332 524.37 0.30255383 0.100448 0.004308619 0.01316122 0.3274 13.3992979 20.223218 35.108
64.7 0.333 524.37 0.30255383 0.10075 0.004321687 0.01316122 0.3284 13.3995775 20.2374585 35.185
64.9 0.332 524.57 0.30467247 0.101151 0.004339001 0.013255346 0.3273 13.4050588 20.3047111 35.286
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
64.9 0.33 524.57 0.30467247 0.100542 0.004312681 0.013255346 0.3254 13.4044954 20.2760273 35.132
64.9 0.329 524.57 0.30467247 0.100237 0.004299522 0.013255346 0.3244 13.4042138 20.2616864 35.055
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
65.2 0.324 524.87 0.30787481 0.099751 0.004278541 0.013397672 0.3193 13.4114303 20.3113907 34.932
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
65.2 0.324 524.87 0.30787481 0.099751 0.004278541 0.013397672 0.3193 13.4114303 20.3113907 34.932
65.2 0.328 524.87 0.30787481 0.100983 0.00433173 0.013397672 0.3233 13.4125694 20.3693644 35.243
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
64.7 0.292 524.37 0.30255383 0.088346 0.003786348 0.01316122 0.2877 13.3881234 19.6540852 31.867
64.7 0.299 524.37 0.30255383 0.090464 0.003877683 0.01316122 0.2946 13.3900776 19.7536149 32.463
64.7 0.304 524.37 0.30255383 0.091976 0.003942938 0.01316122 0.2996 13.3914738 19.8247253 32.880
64.9 0.308 524.57 0.30467247 0.093839 0.004023309 0.013255346 0.3035 13.3983017 19.9606652 33.386
64.7 0.314 524.37 0.30255383 0.095002 0.00407349 0.01316122 0.3095 13.394267 19.9669907 33.697
64.9 0.316 524.57 0.30467247 0.096277 0.004128505 0.013255346 0.3115 13.4005533 20.0753086 34.033
64.9 0.319 524.57 0.30467247 0.097191 0.004167962 0.013255346 0.3144 13.4013978 20.1183098 34.273
64.9 0.318 524.57 0.30467247 0.096886 0.004154809 0.013255346 0.3134 13.4011163 20.1039755 34.193
64.9 0.318 524.57 0.30467247 0.096886 0.004154809 0.013255346 0.3134 13.4011163 20.1039755 34.193
64.9 0.321 524.57 0.30467247 0.0978 0.004194269 0.013255346 0.3164 13.4019609 20.1469803 34.431
65.2 0.321 524.87 0.30787481 0.098828 0.004238655 0.013397672 0.3164 13.410576 20.2679168 34.696
65.2 0.324 524.87 0.30787481 0.099751 0.004278541 0.013397672 0.3193 13.4114303 20.3113907 34.932
64.9 0.325 524.57 0.30467247 0.099019 0.004246891 0.013255346 0.3204 13.4030873 20.2043285 34.745
65.2 0.323 524.87 0.30787481 0.099444 0.004265245 0.013397672 0.3184 13.4111455 20.2968988 34.853
65.2 0.327 524.87 0.30787481 0.100675 0.004318432 0.013397672 0.3223 13.4122846 20.35487 35.166
64.9 0.323 524.57 0.30467247 0.098409 0.004220579 0.013255346 0.3184 13.4025241 20.1756532 34.588
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.324 524.57 0.30467247 0.098714 0.004233735 0.013255346 0.3194 13.4028057 20.1899906 34.667
64.9 0.325 524.57 0.30467247 0.099019 0.004246891 0.013255346 0.3204 13.4030873 20.2043285 34.745
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
64.7 0.324 524.37 0.30255383 0.098027 0.004204095 0.01316122 0.3194 13.3970615 20.1093154 34.490
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
64.9 0.325 524.57 0.30467247 0.099019 0.004246891 0.013255346 0.3204 13.4030873 20.2043285 34.745
65.2 0.328 524.87 0.30787481 0.100983 0.00433173 0.013397672 0.3233 13.4125694 20.3693644 35.243
64.9 0.324 524.57 0.30467247 0.098714 0.004233735 0.013255346 0.3194 13.4028057 20.1899906 34.667
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
65.2 0.328 524.87 0.30787481 0.100983 0.00433173 0.013397672 0.3233 13.4125694 20.3693644 35.243
65.2 0.327 524.87 0.30787481 0.100675 0.004318432 0.013397672 0.3223 13.4122846 20.35487 35.166
65.2 0.325 524.87 0.30787481 0.100059 0.004291838 0.013397672 0.3203 13.411715 20.3258832 35.010
65.2 0.325 524.87 0.30787481 0.100059 0.004291838 0.013397672 0.3203 13.411715 20.3258832 35.010
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
65.2 0.325 524.87 0.30787481 0.100059 0.004291838 0.013397672 0.3203 13.411715 20.3258832 35.010
64.9 0.323 524.57 0.30467247 0.098409 0.004220579 0.013255346 0.3184 13.4025241 20.1756532 34.588
64.9 0.325 524.57 0.30467247 0.099019 0.004246891 0.013255346 0.3204 13.4030873 20.2043285 34.745
64.9 0.329 524.57 0.30467247 0.100237 0.004299522 0.013255346 0.3244 13.4042138 20.2616864 35.055
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823




64.7 0.326 524.37 0.30255383 0.098633 0.004230223 0.01316122 0.3214 13.3976205 20.1377875 34.646
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
65.2 0.287 524.87 0.30787481 0.08836 0.003786967 0.013397672 0.2827 13.4009025 19.7756003 31.871
64.9 0.298 524.57 0.30467247 0.090792 0.003891865 0.013255346 0.2936 13.3954882 19.8174151 32.554
64.9 0.304 524.57 0.30467247 0.09262 0.003970725 0.013255346 0.2996 13.3971762 19.903358 33.056
64.9 0.309 524.57 0.30467247 0.094144 0.004036457 0.013255346 0.3045 13.3985831 19.9749935 33.467
64.9 0.315 524.57 0.30467247 0.095972 0.004115353 0.013255346 0.3105 13.4002718 20.0609761 33.953
64.9 0.316 524.57 0.30467247 0.096277 0.004128505 0.013255346 0.3115 13.4005533 20.0753086 34.033
64.9 0.318 524.57 0.30467247 0.096886 0.004154809 0.013255346 0.3134 13.4011163 20.1039755 34.193
64.9 0.324 524.57 0.30467247 0.098714 0.004233735 0.013255346 0.3194 13.4028057 20.1899906 34.667
64.9 0.323 524.57 0.30467247 0.098409 0.004220579 0.013255346 0.3184 13.4025241 20.1756532 34.588
64.7 0.326 524.37 0.30255383 0.098633 0.004230223 0.01316122 0.3214 13.3976205 20.1377875 34.646
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
65.2 0.325 524.87 0.30787481 0.100059 0.004291838 0.013397672 0.3203 13.411715 20.3258832 35.010
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.325 524.57 0.30467247 0.099019 0.004246891 0.013255346 0.3204 13.4030873 20.2043285 34.745
64.9 0.325 524.57 0.30467247 0.099019 0.004246891 0.013255346 0.3204 13.4030873 20.2043285 34.745
65.2 0.323 524.87 0.30787481 0.099444 0.004265245 0.013397672 0.3184 13.4111455 20.2968988 34.853
65.2 0.327 524.87 0.30787481 0.100675 0.004318432 0.013397672 0.3223 13.4122846 20.35487 35.166
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
65.2 0.325 524.87 0.30787481 0.100059 0.004291838 0.013397672 0.3203 13.411715 20.3258832 35.010
65.2 0.323 524.87 0.30787481 0.099444 0.004265245 0.013397672 0.3184 13.4111455 20.2968988 34.853
65.2 0.322 524.87 0.30787481 0.099136 0.00425195 0.013397672 0.3174 13.4108608 20.2824075 34.775
65.2 0.324 524.87 0.30787481 0.099751 0.004278541 0.013397672 0.3193 13.4114303 20.3113907 34.932
65.4 0.323 525.07 0.31002605 0.100138 0.004295254 0.013493317 0.3183 13.4168987 20.3779882 35.030
65.2 0.325 524.87 0.30787481 0.100059 0.004291838 0.013397672 0.3203 13.411715 20.3258832 35.010
65.2 0.328 524.87 0.30787481 0.100983 0.00433173 0.013397672 0.3233 13.4125694 20.3693644 35.243
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
65.4 0.323 525.07 0.31002605 0.100138 0.004295254 0.013493317 0.3183 13.4168987 20.3779882 35.030
65.2 0.327 524.87 0.30787481 0.100675 0.004318432 0.013397672 0.3223 13.4122846 20.35487 35.166
65.2 0.327 524.87 0.30787481 0.100675 0.004318432 0.013397672 0.3223 13.4122846 20.35487 35.166
65.2 0.325 524.87 0.30787481 0.100059 0.004291838 0.013397672 0.3203 13.411715 20.3258832 35.010
65.2 0.327 524.87 0.30787481 0.100675 0.004318432 0.013397672 0.3223 13.4122846 20.35487 35.166
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
65.2 0.329 524.87 0.30787481 0.101291 0.004345029 0.013397672 0.3243 13.4128542 20.3838593 35.321
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
65.2 0.328 524.87 0.30787481 0.100983 0.00433173 0.013397672 0.3233 13.4125694 20.3693644 35.243
65.2 0.328 524.87 0.30787481 0.100983 0.00433173 0.013397672 0.3233 13.4125694 20.3693644 35.243
65.2 0.329 524.87 0.30787481 0.101291 0.004345029 0.013397672 0.3243 13.4128542 20.3838593 35.321
65.2 0.328 524.87 0.30787481 0.100983 0.00433173 0.013397672 0.3233 13.4125694 20.3693644 35.243
65.2 0.288 524.87 0.30787481 0.088668 0.003800243 0.013397672 0.2836 13.4011869 19.7900701 31.959
65.2 0.294 524.87 0.30787481 0.090515 0.003879908 0.013397672 0.2896 13.402893 19.8769015 32.477
64.9 0.304 524.57 0.30467247 0.09262 0.003970725 0.013255346 0.2996 13.3971762 19.903358 33.056
65.2 0.309 524.87 0.30787481 0.095133 0.004079161 0.013397672 0.3045 13.4071603 20.0940769 33.731
64.9 0.316 524.57 0.30467247 0.096277 0.004128505 0.013255346 0.3115 13.4005533 20.0753086 34.033
64.9 0.316 524.57 0.30467247 0.096277 0.004128505 0.013255346 0.3115 13.4005533 20.0753086 34.033
65.2 0.318 524.87 0.30787481 0.097904 0.004198774 0.013397672 0.3134 13.4097219 20.2244486 34.458
64.9 0.32 524.57 0.30467247 0.097495 0.004181115 0.013255346 0.3154 13.4016794 20.1326448 34.352
64.7 0.327 524.37 0.30255383 0.098935 0.004243288 0.01316122 0.3224 13.3979 20.1520244 34.723
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.7 0.33 524.37 0.30255383 0.099843 0.004282485 0.01316122 0.3254 13.3987387 20.1947388 34.955
64.7 0.331 524.37 0.30255383 0.100145 0.004295552 0.01316122 0.3264 13.3990183 20.2089781 35.032
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
65.2 0.326 524.87 0.30787481 0.100367 0.004305135 0.013397672 0.3213 13.4119998 20.3403763 35.088
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
64.9 0.33 524.57 0.30467247 0.100542 0.004312681 0.013255346 0.3254 13.4044954 20.2760273 35.132
64.9 0.326 524.57 0.30467247 0.099323 0.004260048 0.013255346 0.3214 13.4033689 20.2186671 34.823
64.9 0.33 524.57 0.30467247 0.100542 0.004312681 0.013255346 0.3254 13.4044954 20.2760273 35.132
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
64.9 0.333 524.57 0.30467247 0.101456 0.004352162 0.013255346 0.3283 13.4053405 20.3190538 35.362
65.2 0.329 524.87 0.30787481 0.101291 0.004345029 0.013397672 0.3243 13.4128542 20.3838593 35.321




64.9 0.329 524.57 0.30467247 0.100237 0.004299522 0.013255346 0.3244 13.4042138 20.2616864 35.055
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
64.9 0.329 524.57 0.30467247 0.100237 0.004299522 0.013255346 0.3244 13.4042138 20.2616864 35.055
64.9 0.33 524.57 0.30467247 0.100542 0.004312681 0.013255346 0.3254 13.4044954 20.2760273 35.132
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
64.9 0.33 524.57 0.30467247 0.100542 0.004312681 0.013255346 0.3254 13.4044954 20.2760273 35.132
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
64.9 0.332 524.57 0.30467247 0.101151 0.004339001 0.013255346 0.3273 13.4050588 20.3047111 35.286
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
64.9 0.328 524.57 0.30467247 0.099933 0.004286364 0.013255346 0.3234 13.4039321 20.247346 34.978
64.9 0.33 524.57 0.30467247 0.100542 0.004312681 0.013255346 0.3254 13.4044954 20.2760273 35.132
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
64.9 0.33 524.57 0.30467247 0.100542 0.004312681 0.013255346 0.3254 13.4044954 20.2760273 35.132
64.9 0.329 524.57 0.30467247 0.100237 0.004299522 0.013255346 0.3244 13.4042138 20.2616864 35.055
65.2 0.328 524.87 0.30787481 0.100983 0.00433173 0.013397672 0.3233 13.4125694 20.3693644 35.243
65.2 0.332 524.87 0.30787481 0.102214 0.004384929 0.013397672 0.3273 13.4137087 20.4273479 35.551
65.2 0.33 524.87 0.30787481 0.101599 0.004358328 0.013397672 0.3253 13.413139 20.3983549 35.398
65.2 0.332 524.87 0.30787481 0.102214 0.004384929 0.013397672 0.3273 13.4137087 20.4273479 35.551
65.2 0.333 524.87 0.30787481 0.102522 0.00439823 0.013397672 0.3283 13.4139936 20.4418453 35.628
65.4 0.328 525.07 0.31002605 0.101689 0.00436221 0.013493317 0.3233 13.4183332 20.4509731 35.420
65.2 0.332 524.87 0.30787481 0.102214 0.004384929 0.013397672 0.3273 13.4137087 20.4273479 35.551
65.2 0.332 524.87 0.30787481 0.102214 0.004384929 0.013397672 0.3273 13.4137087 20.4273479 35.551
64.9 0.3 524.57 0.30467247 0.091402 0.003918149 0.013255346 0.2956 13.3960508 19.8460604 32.722
65.2 0.305 524.87 0.30787481 0.093902 0.004026015 0.013397672 0.3005 13.4060221 20.03615 33.402
64.9 0.311 524.57 0.30467247 0.094753 0.004062753 0.013255346 0.3065 13.399146 20.003652 33.630
64.9 0.319 524.57 0.30467247 0.097191 0.004167962 0.013255346 0.3144 13.4013978 20.1183098 34.273
64.9 0.32 524.57 0.30467247 0.097495 0.004181115 0.013255346 0.3154 13.4016794 20.1326448 34.352
64.9 0.327 524.57 0.30467247 0.099628 0.004273206 0.013255346 0.3224 13.4036505 20.2330062 34.900
64.9 0.325 524.57 0.30467247 0.099019 0.004246891 0.013255346 0.3204 13.4030873 20.2043285 34.745
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
65.2 0.33 524.87 0.30787481 0.101599 0.004358328 0.013397672 0.3253 13.413139 20.3983549 35.398
64.9 0.331 524.57 0.30467247 0.100847 0.004325841 0.013255346 0.3263 13.4047771 20.2903689 35.209
64.9 0.335 524.57 0.30467247 0.102065 0.004378485 0.013255346 0.3303 13.4059039 20.3477412 35.514
64.9 0.332 524.57 0.30467247 0.101151 0.004339001 0.013255346 0.3273 13.4050588 20.3047111 35.286
65.2 0.334 524.87 0.30787481 0.10283 0.004411531 0.013397672 0.3293 13.4142784 20.4563434 35.704
64.9 0.332 524.57 0.30467247 0.101151 0.004339001 0.013255346 0.3273 13.4050588 20.3047111 35.286
65.2 0.334 524.87 0.30787481 0.10283 0.004411531 0.013397672 0.3293 13.4142784 20.4563434 35.704
65.2 0.336 524.87 0.30787481 0.103446 0.004438136 0.013397672 0.3313 13.4148482 20.4853413 35.856
65.2 0.337 524.87 0.30787481 0.103754 0.00445144 0.013397672 0.3323 13.4151331 20.4998412 35.932
65.2 0.335 524.87 0.30787481 0.103138 0.004424834 0.013397672 0.3303 13.4145633 20.4708421 35.780
65.2 0.336 524.87 0.30787481 0.103446 0.004438136 0.013397672 0.3313 13.4148482 20.4853413 35.856
65.2 0.337 524.87 0.30787481 0.103754 0.00445144 0.013397672 0.3323 13.4151331 20.4998412 35.932
65.2 0.336 524.87 0.30787481 0.103446 0.004438136 0.013397672 0.3313 13.4148482 20.4853413 35.856
64.9 0.338 524.57 0.30467247 0.102979 0.004417974 0.013255346 0.3333 13.4067491 20.3907768 35.741
64.9 0.337 524.57 0.30467247 0.102675 0.00440481 0.013255346 0.3323 13.4064674 20.376431 35.666
65.2 0.337 524.87 0.30787481 0.103754 0.00445144 0.013397672 0.3323 13.4151331 20.4998412 35.932
64.9 0.337 524.57 0.30467247 0.102675 0.00440481 0.013255346 0.3323 13.4064674 20.376431 35.666
64.9 0.342 524.57 0.30467247 0.104198 0.004470633 0.013255346 0.3373 13.4078763 20.4481659 36.041
64.9 0.338 524.57 0.30467247 0.102979 0.004417974 0.013255346 0.3333 13.4067491 20.3907768 35.741
64.9 0.337 524.57 0.30467247 0.102675 0.00440481 0.013255346 0.3323 13.4064674 20.376431 35.666
64.9 0.34 524.57 0.30467247 0.103589 0.004444302 0.013255346 0.3353 13.4073127 20.4194701 35.891
65.2 0.341 524.87 0.30787481 0.104985 0.004504658 0.013397672 0.3362 13.4162729 20.5578469 36.232
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
64.9 0.338 524.57 0.30467247 0.102979 0.004417974 0.013255346 0.3333 13.4067491 20.3907768 35.741
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
64.9 0.338 524.57 0.30467247 0.102979 0.004417974 0.013255346 0.3333 13.4067491 20.3907768 35.741
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
65.2 0.34 524.87 0.30787481 0.104677 0.004491353 0.013397672 0.3352 13.4159879 20.5433446 36.158
65.2 0.341 524.87 0.30787481 0.104985 0.004504658 0.013397672 0.3362 13.4162729 20.5578469 36.232
65.2 0.338 524.87 0.30787481 0.104062 0.004464743 0.013397672 0.3332 13.415418 20.5143417 36.007
65.2 0.34 524.87 0.30787481 0.104677 0.004491353 0.013397672 0.3352 13.4159879 20.5433446 36.158
65.2 0.339 524.87 0.30787481 0.10437 0.004478048 0.013397672 0.3342 13.415703 20.5288428 36.083
65.2 0.336 524.87 0.30787481 0.103446 0.004438136 0.013397672 0.3313 13.4148482 20.4853413 35.856
65.2 0.338 524.87 0.30787481 0.104062 0.004464743 0.013397672 0.3332 13.415418 20.5143417 36.007
65.2 0.339 524.87 0.30787481 0.10437 0.004478048 0.013397672 0.3342 13.415703 20.5288428 36.083
65.2 0.303 524.87 0.30787481 0.093286 0.003999445 0.013397672 0.2985 13.405453 20.0071902 33.236
65.2 0.313 524.87 0.30787481 0.096365 0.004132317 0.013397672 0.3084 13.4082987 20.1520137 34.057




64.9 0.321 524.57 0.30467247 0.0978 0.004194269 0.013255346 0.3164 13.4019609 20.1469803 34.431
64.9 0.328 524.57 0.30467247 0.099933 0.004286364 0.013255346 0.3234 13.4039321 20.247346 34.978
64.9 0.328 524.57 0.30467247 0.099933 0.004286364 0.013255346 0.3234 13.4039321 20.247346 34.978
64.9 0.334 524.57 0.30467247 0.101761 0.004365323 0.013255346 0.3293 13.4056222 20.3333972 35.438
64.9 0.333 524.57 0.30467247 0.101456 0.004352162 0.013255346 0.3283 13.4053405 20.3190538 35.362
64.9 0.337 524.57 0.30467247 0.102675 0.00440481 0.013255346 0.3323 13.4064674 20.376431 35.666
64.9 0.338 524.57 0.30467247 0.102979 0.004417974 0.013255346 0.3333 13.4067491 20.3907768 35.741
64.9 0.339 524.57 0.30467247 0.103284 0.004431138 0.013255346 0.3343 13.4070309 20.4051231 35.816
64.9 0.341 524.57 0.30467247 0.103893 0.004457468 0.013255346 0.3363 13.4075945 20.4338177 35.966
64.9 0.343 524.57 0.30467247 0.104503 0.0044838 0.013255346 0.3383 13.4081581 20.4625147 36.115
64.9 0.341 524.57 0.30467247 0.103893 0.004457468 0.013255346 0.3363 13.4075945 20.4338177 35.966
64.9 0.342 524.57 0.30467247 0.104198 0.004470633 0.013255346 0.3373 13.4078763 20.4481659 36.041
64.9 0.343 524.57 0.30467247 0.104503 0.0044838 0.013255346 0.3383 13.4081581 20.4625147 36.115
65.2 0.342 524.87 0.30787481 0.105293 0.004517964 0.013397672 0.3372 13.4165578 20.5723499 36.307
64.9 0.345 524.57 0.30467247 0.105112 0.004510134 0.013255346 0.3403 13.4087217 20.4912142 36.263
65.2 0.343 524.87 0.30787481 0.105601 0.004531271 0.013397672 0.3382 13.4168428 20.5868535 36.382
64.9 0.342 524.57 0.30467247 0.104198 0.004470633 0.013255346 0.3373 13.4078763 20.4481659 36.041
64.9 0.344 524.57 0.30467247 0.104807 0.004496966 0.013255346 0.3393 13.4084399 20.4768641 36.189
64.9 0.343 524.57 0.30467247 0.104503 0.0044838 0.013255346 0.3383 13.4081581 20.4625147 36.115
64.9 0.345 524.57 0.30467247 0.105112 0.004510134 0.013255346 0.3403 13.4087217 20.4912142 36.263
64.9 0.344 524.57 0.30467247 0.104807 0.004496966 0.013255346 0.3393 13.4084399 20.4768641 36.189
65.2 0.345 524.87 0.30787481 0.106217 0.004557886 0.013397672 0.3402 13.4174128 20.6158625 36.530
64.9 0.344 524.57 0.30467247 0.104807 0.004496966 0.013255346 0.3393 13.4084399 20.4768641 36.189
64.9 0.344 524.57 0.30467247 0.104807 0.004496966 0.013255346 0.3393 13.4084399 20.4768641 36.189
64.9 0.345 524.57 0.30467247 0.105112 0.004510134 0.013255346 0.3403 13.4087217 20.4912142 36.263
64.9 0.342 524.57 0.30467247 0.104198 0.004470633 0.013255346 0.3373 13.4078763 20.4481659 36.041
64.9 0.345 524.57 0.30467247 0.105112 0.004510134 0.013255346 0.3403 13.4087217 20.4912142 36.263
64.9 0.342 524.57 0.30467247 0.104198 0.004470633 0.013255346 0.3373 13.4078763 20.4481659 36.041
65.2 0.347 524.87 0.30787481 0.106833 0.004584503 0.013397672 0.3422 13.4179829 20.644874 36.678
65.2 0.346 524.87 0.30787481 0.106525 0.004571195 0.013397672 0.3412 13.4176978 20.630368 36.604
65.2 0.343 524.87 0.30787481 0.105601 0.004531271 0.013397672 0.3382 13.4168428 20.5868535 36.382
65.2 0.344 524.87 0.30787481 0.105909 0.004544578 0.013397672 0.3392 13.4171278 20.6013577 36.456
65.2 0.347 524.87 0.30787481 0.106833 0.004584503 0.013397672 0.3422 13.4179829 20.644874 36.678
65.2 0.345 524.87 0.30787481 0.106217 0.004557886 0.013397672 0.3402 13.4174128 20.6158625 36.530
65.2 0.343 524.87 0.30787481 0.105601 0.004531271 0.013397672 0.3382 13.4168428 20.5868535 36.382
65.2 0.345 524.87 0.30787481 0.106217 0.004557886 0.013397672 0.3402 13.4174128 20.6158625 36.530
65.4 0.343 525.07 0.31002605 0.106339 0.004563165 0.013493317 0.3382 13.4226386 20.6700216 36.559
65.4 0.344 525.07 0.31002605 0.106649 0.004576567 0.013493317 0.3392 13.4229257 20.6846299 36.634
65.4 0.343 525.07 0.31002605 0.106339 0.004563165 0.013493317 0.3382 13.4226386 20.6700216 36.559
65.4 0.343 525.07 0.31002605 0.106339 0.004563165 0.013493317 0.3382 13.4226386 20.6700216 36.559
65.4 0.343 525.07 0.31002605 0.106339 0.004563165 0.013493317 0.3382 13.4226386 20.6700216 36.559
65.2 0.346 524.87 0.30787481 0.106525 0.004571195 0.013397672 0.3412 13.4176978 20.630368 36.604
64.9 0.314 524.57 0.30467247 0.095667 0.004102202 0.013255346 0.3095 13.3999903 20.0466442 33.873
64.9 0.324 524.57 0.30467247 0.098714 0.004233735 0.013255346 0.3194 13.4028057 20.1899906 34.667
65.2 0.332 524.87 0.30787481 0.102214 0.004384929 0.013397672 0.3273 13.4137087 20.4273479 35.551
64.9 0.334 524.57 0.30467247 0.101761 0.004365323 0.013255346 0.3293 13.4056222 20.3333972 35.438
64.9 0.338 524.57 0.30467247 0.102979 0.004417974 0.013255346 0.3333 13.4067491 20.3907768 35.741
64.9 0.342 524.57 0.30467247 0.104198 0.004470633 0.013255346 0.3373 13.4078763 20.4481659 36.041
64.9 0.347 524.57 0.30467247 0.105721 0.00453647 0.013255346 0.3422 13.4092854 20.519916 36.411
64.9 0.346 524.57 0.30467247 0.105417 0.004523302 0.013255346 0.3412 13.4090036 20.5055648 36.337
64.9 0.346 524.57 0.30467247 0.105417 0.004523302 0.013255346 0.3412 13.4090036 20.5055648 36.337
65.2 0.349 524.87 0.30787481 0.107448 0.004611123 0.013397672 0.3442 13.418553 20.673888 36.824
65.2 0.349 524.87 0.30787481 0.107448 0.004611123 0.013397672 0.3442 13.418553 20.673888 36.824
65.2 0.35 524.87 0.30787481 0.107756 0.004624434 0.013397672 0.3452 13.418838 20.6883959 36.897
65.2 0.352 524.87 0.30787481 0.108372 0.004651057 0.013397672 0.3472 13.4194082 20.7174135 37.043
65.2 0.351 524.87 0.30787481 0.108064 0.004637745 0.013397672 0.3462 13.4191231 20.7029044 36.970
65.4 0.353 525.07 0.31002605 0.109439 0.004697207 0.013493317 0.3481 13.4255104 20.816132 37.294
65.4 0.351 525.07 0.31002605 0.108819 0.004670394 0.013493317 0.3461 13.4249359 20.786905 37.148
65.4 0.352 525.07 0.31002605 0.109129 0.0046838 0.013493317 0.3471 13.4252231 20.8015182 37.221
65.6 0.35 525.27 0.31219045 0.109267 0.004689746 0.013589577 0.3451 13.4304642 20.8564154 37.253
65.4 0.353 525.07 0.31002605 0.109439 0.004697207 0.013493317 0.3481 13.4255104 20.816132 37.294
65.4 0.351 525.07 0.31002605 0.108819 0.004670394 0.013493317 0.3461 13.4249359 20.786905 37.148
65.4 0.351 525.07 0.31002605 0.108819 0.004670394 0.013493317 0.3461 13.4249359 20.786905 37.148
65.4 0.352 525.07 0.31002605 0.109129 0.0046838 0.013493317 0.3471 13.4252231 20.8015182 37.221
65.2 0.354 524.87 0.30787481 0.108988 0.004677682 0.013397672 0.3491 13.4199784 20.7464336 37.188
65.2 0.355 524.87 0.30787481 0.109296 0.004690995 0.013397672 0.3501 13.4202635 20.7609446 37.260
65.2 0.355 524.87 0.30787481 0.109296 0.004690995 0.013397672 0.3501 13.4202635 20.7609446 37.260
65.2 0.355 524.87 0.30787481 0.109296 0.004690995 0.013397672 0.3501 13.4202635 20.7609446 37.260
65.2 0.356 524.87 0.30787481 0.109603 0.004704309 0.013397672 0.3511 13.4205487 20.7754562 37.332




65.2 0.357 524.87 0.30787481 0.109911 0.004717624 0.013397672 0.3521 13.4208338 20.7899684 37.404
65.2 0.357 524.87 0.30787481 0.109911 0.004717624 0.013397672 0.3521 13.4208338 20.7899684 37.404
65.2 0.359 524.87 0.30787481 0.110527 0.004744255 0.013397672 0.3541 13.4214042 20.8189947 37.547
65.2 0.363 524.87 0.30787481 0.111759 0.004797523 0.013397672 0.3581 13.422545 20.8770547 37.831
65.2 0.36 524.87 0.30787481 0.110835 0.004757571 0.013397672 0.3551 13.4216893 20.8335088 37.618
65.2 0.36 524.87 0.30787481 0.110835 0.004757571 0.013397672 0.3551 13.4216893 20.8335088 37.618
64.9 0.362 524.57 0.30467247 0.110291 0.004734064 0.013255346 0.3571 13.4135148 20.7352567 37.492
64.9 0.361 524.57 0.30467247 0.109987 0.004720887 0.013255346 0.3561 13.4132327 20.7208964 37.422
65.2 0.362 524.87 0.30787481 0.111451 0.004784205 0.013397672 0.3571 13.4222597 20.8625388 37.760
65.2 0.362 524.87 0.30787481 0.111451 0.004784205 0.013397672 0.3571 13.4222597 20.8625388 37.760
65.2 0.365 524.87 0.30787481 0.112374 0.004824161 0.013397672 0.3601 13.4231154 20.9060884 37.972
64.9 0.364 524.57 0.30467247 0.110901 0.004760419 0.013255346 0.3591 13.4140789 20.763979 37.634
64.9 0.36 524.57 0.30467247 0.109682 0.004707711 0.013255346 0.3552 13.4129507 20.7065367 37.351
64.9 0.364 524.57 0.30467247 0.110901 0.004760419 0.013255346 0.3591 13.4140789 20.763979 37.634
65.2 0.361 524.87 0.30787481 0.111143 0.004770888 0.013397672 0.3561 13.4219745 20.8480235 37.689
65.2 0.359 524.87 0.30787481 0.110527 0.004744255 0.013397672 0.3541 13.4214042 20.8189947 37.547
65.2 0.362 524.87 0.30787481 0.111451 0.004784205 0.013397672 0.3571 13.4222597 20.8625388 37.760
65.4 0.325 525.07 0.31002605 0.100758 0.004322035 0.013493317 0.3203 13.4174725 20.4071803 35.187
65.2 0.33 524.87 0.30787481 0.101599 0.004358328 0.013397672 0.3253 13.413139 20.3983549 35.398
65.2 0.338 524.87 0.30787481 0.104062 0.004464743 0.013397672 0.3332 13.415418 20.5143417 36.007
65.2 0.343 524.87 0.30787481 0.105601 0.004531271 0.013397672 0.3382 13.4168428 20.5868535 36.382
65.2 0.347 524.87 0.30787481 0.106833 0.004584503 0.013397672 0.3422 13.4179829 20.644874 36.678
65.2 0.348 524.87 0.30787481 0.10714 0.004597813 0.013397672 0.3432 13.4182679 20.6593807 36.751
65.2 0.35 524.87 0.30787481 0.107756 0.004624434 0.013397672 0.3452 13.418838 20.6883959 36.897
64.9 0.355 524.57 0.30467247 0.108159 0.004641838 0.013255346 0.3502 13.4115407 20.6347474 36.993
65.2 0.357 524.87 0.30787481 0.109911 0.004717624 0.013397672 0.3521 13.4208338 20.7899684 37.404
64.9 0.359 524.57 0.30467247 0.109377 0.004694535 0.013255346 0.3542 13.4126687 20.6921777 37.279
64.9 0.361 524.57 0.30467247 0.109987 0.004720887 0.013255346 0.3561 13.4132327 20.7208964 37.422
64.9 0.358 524.57 0.30467247 0.109073 0.00468136 0.013255346 0.3532 13.4123867 20.6778192 37.208
64.9 0.362 524.57 0.30467247 0.110291 0.004734064 0.013255346 0.3571 13.4135148 20.7352567 37.492
64.9 0.361 524.57 0.30467247 0.109987 0.004720887 0.013255346 0.3561 13.4132327 20.7208964 37.422
64.9 0.363 524.57 0.30467247 0.110596 0.004747241 0.013255346 0.3581 13.4137968 20.7496175 37.563
64.9 0.361 524.57 0.30467247 0.109987 0.004720887 0.013255346 0.3561 13.4132327 20.7208964 37.422
64.9 0.363 524.57 0.30467247 0.110596 0.004747241 0.013255346 0.3581 13.4137968 20.7496175 37.563
64.9 0.363 524.57 0.30467247 0.110596 0.004747241 0.013255346 0.3581 13.4137968 20.7496175 37.563
65.2 0.361 524.87 0.30787481 0.111143 0.004770888 0.013397672 0.3561 13.4219745 20.8480235 37.689
65.2 0.361 524.87 0.30787481 0.111143 0.004770888 0.013397672 0.3561 13.4219745 20.8480235 37.689
65.2 0.361 524.87 0.30787481 0.111143 0.004770888 0.013397672 0.3561 13.4219745 20.8480235 37.689
65.2 0.361 524.87 0.30787481 0.111143 0.004770888 0.013397672 0.3561 13.4219745 20.8480235 37.689
65.2 0.361 524.87 0.30787481 0.111143 0.004770888 0.013397672 0.3561 13.4219745 20.8480235 37.689
64.9 0.364 524.57 0.30467247 0.110901 0.004760419 0.013255346 0.3591 13.4140789 20.763979 37.634
65.2 0.362 524.87 0.30787481 0.111451 0.004784205 0.013397672 0.3571 13.4222597 20.8625388 37.760
65.2 0.361 524.87 0.30787481 0.111143 0.004770888 0.013397672 0.3561 13.4219745 20.8480235 37.689
64.9 0.361 524.57 0.30467247 0.109987 0.004720887 0.013255346 0.3561 13.4132327 20.7208964 37.422
65.2 0.362 524.87 0.30787481 0.111451 0.004784205 0.013397672 0.3571 13.4222597 20.8625388 37.760
65.2 0.361 524.87 0.30787481 0.111143 0.004770888 0.013397672 0.3561 13.4219745 20.8480235 37.689
65.2 0.357 524.87 0.30787481 0.109911 0.004717624 0.013397672 0.3521 13.4208338 20.7899684 37.404
65.2 0.359 524.87 0.30787481 0.110527 0.004744255 0.013397672 0.3541 13.4214042 20.8189947 37.547
65.2 0.362 524.87 0.30787481 0.111451 0.004784205 0.013397672 0.3571 13.4222597 20.8625388 37.760
65.2 0.362 524.87 0.30787481 0.111451 0.004784205 0.013397672 0.3571 13.4222597 20.8625388 37.760
65.2 0.365 524.87 0.30787481 0.112374 0.004824161 0.013397672 0.3601 13.4231154 20.9060884 37.972
65.2 0.363 524.87 0.30787481 0.111759 0.004797523 0.013397672 0.3581 13.422545 20.8770547 37.831
65.2 0.367 524.87 0.30787481 0.11299 0.004850801 0.013397672 0.3621 13.423686 20.9351245 38.112
65.2 0.366 524.87 0.30787481 0.112682 0.004837481 0.013397672 0.3611 13.4234007 20.9206062 38.042
64.9 0.367 524.57 0.30467247 0.111815 0.004799956 0.013255346 0.3621 13.4149251 20.8070671 37.844
65.2 0.366 524.87 0.30787481 0.112682 0.004837481 0.013397672 0.3611 13.4234007 20.9206062 38.042
65.2 0.368 524.87 0.30787481 0.113298 0.004864122 0.013397672 0.3631 13.4239713 20.9496435 38.182
65.2 0.367 524.87 0.30787481 0.11299 0.004850801 0.013397672 0.3621 13.423686 20.9351245 38.112
65.2 0.366 524.87 0.30787481 0.112682 0.004837481 0.013397672 0.3611 13.4234007 20.9206062 38.042
65.2 0.367 524.87 0.30787481 0.11299 0.004850801 0.013397672 0.3621 13.423686 20.9351245 38.112
65.2 0.368 524.87 0.30787481 0.113298 0.004864122 0.013397672 0.3631 13.4239713 20.9496435 38.182
65.4 0.368 525.07 0.31002605 0.11409 0.004898377 0.013493317 0.3630 13.4298203 21.035415 38.361
64.9 0.334 524.57 0.30467247 0.101761 0.004365323 0.013255346 0.3293 13.4056222 20.3333972 35.438
65.2 0.343 524.87 0.30787481 0.105601 0.004531271 0.013397672 0.3382 13.4168428 20.5868535 36.382
64.9 0.347 524.57 0.30467247 0.105721 0.00453647 0.013255346 0.3422 13.4092854 20.519916 36.411
64.9 0.352 524.57 0.30467247 0.107245 0.004602321 0.013255346 0.3472 13.4106949 20.5916811 36.776
65.2 0.359 524.87 0.30787481 0.110527 0.004744255 0.013397672 0.3541 13.4214042 20.8189947 37.547
65.2 0.356 524.87 0.30787481 0.109603 0.004704309 0.013397672 0.3511 13.4205487 20.7754562 37.332
65.2 0.36 524.87 0.30787481 0.110835 0.004757571 0.013397672 0.3551 13.4216893 20.8335088 37.618




64.9 0.365 524.57 0.30467247 0.111205 0.004773598 0.013255346 0.3601 13.4143609 20.7783411 37.704
64.9 0.366 524.57 0.30467247 0.11151 0.004786777 0.013255346 0.3611 13.414643 20.7927038 37.774
65.2 0.365 524.87 0.30787481 0.112374 0.004824161 0.013397672 0.3601 13.4231154 20.9060884 37.972
64.9 0.372 524.57 0.30467247 0.113338 0.004865862 0.013255346 0.3671 13.4163358 20.8788926 38.191
64.7 0.372 524.37 0.30255383 0.11255 0.004831763 0.01316122 0.3671 13.410491 20.7933016 38.012
64.9 0.374 524.57 0.30467247 0.113948 0.004892229 0.013255346 0.3691 13.4169001 20.907627 38.329
64.9 0.376 524.57 0.30467247 0.114557 0.004918597 0.013255346 0.3711 13.4174645 20.9363639 38.466
64.9 0.375 524.57 0.30467247 0.114252 0.004905413 0.013255346 0.3701 13.4171823 20.9219952 38.398
64.9 0.375 524.57 0.30467247 0.114252 0.004905413 0.013255346 0.3701 13.4171823 20.9219952 38.398
64.7 0.375 524.37 0.30255383 0.113458 0.004871034 0.01316122 0.3701 13.4113313 20.8360963 38.218
64.7 0.374 524.37 0.30255383 0.113155 0.004857943 0.01316122 0.3691 13.4110512 20.8218308 38.150
64.9 0.377 524.57 0.30467247 0.114862 0.004931782 0.013255346 0.3721 13.4177467 20.9507332 38.534
64.9 0.374 524.57 0.30467247 0.113948 0.004892229 0.013255346 0.3691 13.4169001 20.907627 38.329
64.9 0.375 524.57 0.30467247 0.114252 0.004905413 0.013255346 0.3701 13.4171823 20.9219952 38.398
64.9 0.376 524.57 0.30467247 0.114557 0.004918597 0.013255346 0.3711 13.4174645 20.9363639 38.466
65.2 0.374 524.87 0.30787481 0.115145 0.004944058 0.013397672 0.3690 13.4256832 21.0367705 38.598
65.2 0.373 524.87 0.30787481 0.114837 0.004930734 0.013397672 0.3680 13.4253979 21.0222478 38.529
65.2 0.373 524.87 0.30787481 0.114837 0.004930734 0.013397672 0.3680 13.4253979 21.0222478 38.529
64.9 0.374 524.57 0.30467247 0.113948 0.004892229 0.013255346 0.3691 13.4169001 20.907627 38.329
64.9 0.374 524.57 0.30467247 0.113948 0.004892229 0.013255346 0.3691 13.4169001 20.907627 38.329
65.2 0.374 524.87 0.30787481 0.115145 0.004944058 0.013397672 0.3690 13.4256832 21.0367705 38.598
64.9 0.374 524.57 0.30467247 0.113948 0.004892229 0.013255346 0.3691 13.4169001 20.907627 38.329
64.9 0.372 524.57 0.30467247 0.113338 0.004865862 0.013255346 0.3671 13.4163358 20.8788926 38.191
64.9 0.371 524.57 0.30467247 0.113033 0.00485268 0.013255346 0.3661 13.4160536 20.8645263 38.122
64.9 0.374 524.57 0.30467247 0.113948 0.004892229 0.013255346 0.3691 13.4169001 20.907627 38.329
65.2 0.371 524.87 0.30787481 0.114222 0.004904087 0.013397672 0.3660 13.4248272 20.9932043 38.391
65.2 0.37 524.87 0.30787481 0.113914 0.004890765 0.013397672 0.3650 13.4245419 20.9786834 38.321
64.9 0.372 524.57 0.30467247 0.113338 0.004865862 0.013255346 0.3671 13.4163358 20.8788926 38.191
64.9 0.37 524.57 0.30467247 0.112729 0.004839498 0.013255346 0.3651 13.4157715 20.8501606 38.053
64.9 0.373 524.57 0.30467247 0.113643 0.004879045 0.013255346 0.3681 13.4166179 20.8932595 38.260
64.9 0.371 524.57 0.30467247 0.113033 0.00485268 0.013255346 0.3661 13.4160536 20.8645263 38.122
64.9 0.372 524.57 0.30467247 0.113338 0.004865862 0.013255346 0.3671 13.4163358 20.8788926 38.191
64.9 0.37 524.57 0.30467247 0.112729 0.004839498 0.013255346 0.3651 13.4157715 20.8501606 38.053
64.9 0.371 524.57 0.30467247 0.113033 0.00485268 0.013255346 0.3661 13.4160536 20.8645263 38.122
64.9 0.371 524.57 0.30467247 0.113033 0.00485268 0.013255346 0.3661 13.4160536 20.8645263 38.122
64.9 0.372 524.57 0.30467247 0.113338 0.004865862 0.013255346 0.3671 13.4163358 20.8788926 38.191
65.2 0.371 524.87 0.30787481 0.114222 0.004904087 0.013397672 0.3660 13.4248272 20.9932043 38.391
65.2 0.328 524.87 0.30787481 0.100983 0.00433173 0.013397672 0.3233 13.4125694 20.3693644 35.243
65.2 0.337 524.87 0.30787481 0.103754 0.00445144 0.013397672 0.3323 13.4151331 20.4998412 35.932
64.9 0.348 524.57 0.30467247 0.106026 0.004549639 0.013255346 0.3432 13.4095673 20.5342678 36.484
64.9 0.348 524.57 0.30467247 0.106026 0.004549639 0.013255346 0.3432 13.4095673 20.5342678 36.484
65.2 0.348 524.87 0.30787481 0.10714 0.004597813 0.013397672 0.3432 13.4182679 20.6593807 36.751
65.2 0.355 524.87 0.30787481 0.109296 0.004690995 0.013397672 0.3501 13.4202635 20.7609446 37.260
64.9 0.36 524.57 0.30467247 0.109682 0.004707711 0.013255346 0.3552 13.4129507 20.7065367 37.351
64.9 0.359 524.57 0.30467247 0.109377 0.004694535 0.013255346 0.3542 13.4126687 20.6921777 37.279
64.9 0.36 524.57 0.30467247 0.109682 0.004707711 0.013255346 0.3552 13.4129507 20.7065367 37.351
64.9 0.361 524.57 0.30467247 0.109987 0.004720887 0.013255346 0.3561 13.4132327 20.7208964 37.422
65.2 0.362 524.87 0.30787481 0.111451 0.004784205 0.013397672 0.3571 13.4222597 20.8625388 37.760
64.7 0.362 524.37 0.30255383 0.109524 0.004700895 0.01316122 0.3572 13.407691 20.6506914 37.314
64.9 0.364 524.57 0.30467247 0.110901 0.004760419 0.013255346 0.3591 13.4140789 20.763979 37.634
64.9 0.361 524.57 0.30467247 0.109987 0.004720887 0.013255346 0.3561 13.4132327 20.7208964 37.422
65.2 0.366 524.87 0.30787481 0.112682 0.004837481 0.013397672 0.3611 13.4234007 20.9206062 38.042
65.2 0.363 524.87 0.30787481 0.111759 0.004797523 0.013397672 0.3581 13.422545 20.8770547 37.831
64.9 0.366 524.57 0.30467247 0.11151 0.004786777 0.013255346 0.3611 13.414643 20.7927038 37.774
65.2 0.366 524.87 0.30787481 0.112682 0.004837481 0.013397672 0.3611 13.4234007 20.9206062 38.042
65.2 0.365 524.87 0.30787481 0.112374 0.004824161 0.013397672 0.3601 13.4231154 20.9060884 37.972
65.2 0.365 524.87 0.30787481 0.112374 0.004824161 0.013397672 0.3601 13.4231154 20.9060884 37.972
64.9 0.362 524.57 0.30467247 0.110291 0.004734064 0.013255346 0.3571 13.4135148 20.7352567 37.492
64.9 0.364 524.57 0.30467247 0.110901 0.004760419 0.013255346 0.3591 13.4140789 20.763979 37.634
64.9 0.365 524.57 0.30467247 0.111205 0.004773598 0.013255346 0.3601 13.4143609 20.7783411 37.704
64.9 0.368 524.57 0.30467247 0.112119 0.004813136 0.013255346 0.3631 13.4152072 20.821431 37.914
65.2 0.368 524.87 0.30787481 0.113298 0.004864122 0.013397672 0.3631 13.4239713 20.9496435 38.182
64.9 0.364 524.57 0.30467247 0.110901 0.004760419 0.013255346 0.3591 13.4140789 20.763979 37.634
64.9 0.363 524.57 0.30467247 0.110596 0.004747241 0.013255346 0.3581 13.4137968 20.7496175 37.563
64.9 0.365 524.57 0.30467247 0.111205 0.004773598 0.013255346 0.3601 13.4143609 20.7783411 37.704
64.9 0.362 524.57 0.30467247 0.110291 0.004734064 0.013255346 0.3571 13.4135148 20.7352567 37.492
64.9 0.367 524.57 0.30467247 0.111815 0.004799956 0.013255346 0.3621 13.4149251 20.8070671 37.844
65.2 0.366 524.87 0.30787481 0.112682 0.004837481 0.013397672 0.3611 13.4234007 20.9206062 38.042
64.9 0.365 524.57 0.30467247 0.111205 0.004773598 0.013255346 0.3601 13.4143609 20.7783411 37.704




64.9 0.365 524.57 0.30467247 0.111205 0.004773598 0.013255346 0.3601 13.4143609 20.7783411 37.704
64.9 0.357 524.57 0.30467247 0.108768 0.004668185 0.013255346 0.3522 13.4121047 20.6634613 37.136
64.9 0.365 524.57 0.30467247 0.111205 0.004773598 0.013255346 0.3601 13.4143609 20.7783411 37.704
64.9 0.362 524.57 0.30467247 0.110291 0.004734064 0.013255346 0.3571 13.4135148 20.7352567 37.492
64.9 0.36 524.57 0.30467247 0.109682 0.004707711 0.013255346 0.3552 13.4129507 20.7065367 37.351
64.9 0.361 524.57 0.30467247 0.109987 0.004720887 0.013255346 0.3561 13.4132327 20.7208964 37.422
64.9 0.361 524.57 0.30467247 0.109987 0.004720887 0.013255346 0.3561 13.4132327 20.7208964 37.422
65.2 0.361 524.87 0.30787481 0.111143 0.004770888 0.013397672 0.3561 13.4219745 20.8480235 37.689
65.2 0.36 524.87 0.30787481 0.110835 0.004757571 0.013397672 0.3551 13.4216893 20.8335088 37.618
65.2 0.359 524.87 0.30787481 0.110527 0.004744255 0.013397672 0.3541 13.4214042 20.8189947 37.547
65.2 0.358 524.87 0.30787481 0.110219 0.004730939 0.013397672 0.3531 13.421119 20.8044813 37.476
65.2 0.359 524.87 0.30787481 0.110527 0.004744255 0.013397672 0.3541 13.4214042 20.8189947 37.547
65.2 0.318 524.87 0.30787481 0.097904 0.004198774 0.013397672 0.3134 13.4097219 20.2244486 34.458
65.2 0.324 524.87 0.30787481 0.099751 0.004278541 0.013397672 0.3193 13.4114303 20.3113907 34.932
65.2 0.333 524.87 0.30787481 0.102522 0.00439823 0.013397672 0.3283 13.4139936 20.4418453 35.628
65.2 0.337 524.87 0.30787481 0.103754 0.00445144 0.013397672 0.3323 13.4151331 20.4998412 35.932
64.9 0.342 524.57 0.30467247 0.104198 0.004470633 0.013255346 0.3373 13.4078763 20.4481659 36.041
64.9 0.34 524.57 0.30467247 0.103589 0.004444302 0.013255346 0.3353 13.4073127 20.4194701 35.891
64.9 0.344 524.57 0.30467247 0.104807 0.004496966 0.013255346 0.3393 13.4084399 20.4768641 36.189
64.9 0.347 524.57 0.30467247 0.105721 0.00453647 0.013255346 0.3422 13.4092854 20.519916 36.411
64.9 0.347 524.57 0.30467247 0.105721 0.00453647 0.013255346 0.3422 13.4092854 20.519916 36.411
65.2 0.35 524.87 0.30787481 0.107756 0.004624434 0.013397672 0.3452 13.418838 20.6883959 36.897
64.9 0.35 524.57 0.30467247 0.106635 0.004575979 0.013255346 0.3452 13.4101311 20.5629733 36.630
64.9 0.35 524.57 0.30467247 0.106635 0.004575979 0.013255346 0.3452 13.4101311 20.5629733 36.630
65.2 0.352 524.87 0.30787481 0.108372 0.004651057 0.013397672 0.3472 13.4194082 20.7174135 37.043
64.9 0.349 524.57 0.30467247 0.106331 0.004562809 0.013255346 0.3442 13.4098492 20.5486202 36.557
65.2 0.348 524.87 0.30787481 0.10714 0.004597813 0.013397672 0.3432 13.4182679 20.6593807 36.751
64.9 0.348 524.57 0.30467247 0.106026 0.004549639 0.013255346 0.3432 13.4095673 20.5342678 36.484
64.9 0.348 524.57 0.30467247 0.106026 0.004549639 0.013255346 0.3432 13.4095673 20.5342678 36.484
65.2 0.347 524.87 0.30787481 0.106833 0.004584503 0.013397672 0.3422 13.4179829 20.644874 36.678
64.9 0.35 524.57 0.30467247 0.106635 0.004575979 0.013255346 0.3452 13.4101311 20.5629733 36.630
64.9 0.348 524.57 0.30467247 0.106026 0.004549639 0.013255346 0.3432 13.4095673 20.5342678 36.484
65.2 0.348 524.87 0.30787481 0.10714 0.004597813 0.013397672 0.3432 13.4182679 20.6593807 36.751
64.9 0.344 524.57 0.30467247 0.104807 0.004496966 0.013255346 0.3393 13.4084399 20.4768641 36.189
65.2 0.343 524.87 0.30787481 0.105601 0.004531271 0.013397672 0.3382 13.4168428 20.5868535 36.382
65.2 0.34 524.87 0.30787481 0.104677 0.004491353 0.013397672 0.3352 13.4159879 20.5433446 36.158
65.2 0.343 524.87 0.30787481 0.105601 0.004531271 0.013397672 0.3382 13.4168428 20.5868535 36.382
65.2 0.343 524.87 0.30787481 0.105601 0.004531271 0.013397672 0.3382 13.4168428 20.5868535 36.382
65.4 0.342 525.07 0.31002605 0.106029 0.004549764 0.013493317 0.3372 13.4223515 20.655414 36.485
65.2 0.339 524.87 0.30787481 0.10437 0.004478048 0.013397672 0.3342 13.415703 20.5288428 36.083
65.2 0.338 524.87 0.30787481 0.104062 0.004464743 0.013397672 0.3332 13.415418 20.5143417 36.007
65.2 0.338 524.87 0.30787481 0.104062 0.004464743 0.013397672 0.3332 13.415418 20.5143417 36.007
65.2 0.34 524.87 0.30787481 0.104677 0.004491353 0.013397672 0.3352 13.4159879 20.5433446 36.158
65.2 0.338 524.87 0.30787481 0.104062 0.004464743 0.013397672 0.3332 13.415418 20.5143417 36.007
65.2 0.337 524.87 0.30787481 0.103754 0.00445144 0.013397672 0.3323 13.4151331 20.4998412 35.932
64.9 0.332 524.57 0.30467247 0.101151 0.004339001 0.013255346 0.3273 13.4050588 20.3047111 35.286
65.2 0.336 524.87 0.30787481 0.103446 0.004438136 0.013397672 0.3313 13.4148482 20.4853413 35.856
65.2 0.334 524.87 0.30787481 0.10283 0.004411531 0.013397672 0.3293 13.4142784 20.4563434 35.704
65.2 0.329 524.87 0.30787481 0.101291 0.004345029 0.013397672 0.3243 13.4128542 20.3838593 35.321
65.2 0.331 524.87 0.30787481 0.101907 0.004371628 0.013397672 0.3263 13.4134239 20.4128511 35.475
65.4 0.329 525.07 0.31002605 0.101999 0.004375603 0.013493317 0.3243 13.4186202 20.465572 35.498
65.4 0.328 525.07 0.31002605 0.101689 0.00436221 0.013493317 0.3233 13.4183332 20.4509731 35.420
65.4 0.326 525.07 0.31002605 0.101068 0.004335426 0.013493317 0.3213 13.4177594 20.4217773 35.265
65.4 0.323 525.07 0.31002605 0.100138 0.004295254 0.013493317 0.3183 13.4168987 20.3779882 35.030
65.4 0.324 525.07 0.31002605 0.100448 0.004308644 0.013493317 0.3193 13.4171856 20.3925839 35.109
65.4 0.323 525.07 0.31002605 0.100138 0.004295254 0.013493317 0.3183 13.4168987 20.3779882 35.030
65.2 0.314 524.87 0.30787481 0.096673 0.004145607 0.013397672 0.3094 13.4085833 20.1664995 34.137
65.2 0.263 524.87 0.30787481 0.080971 0.003468521 0.013397672 0.2589 13.3940826 19.4285102 29.687
65.2 0.268 524.87 0.30787481 0.08251 0.003534837 0.013397672 0.2638 13.3955028 19.5007915 30.157
65.2 0.273 524.87 0.30787481 0.08405 0.003601167 0.013397672 0.2688 13.3969234 19.5730881 30.619
64.9 0.283 524.57 0.30467247 0.086222 0.003694802 0.013255346 0.2787 13.3912703 19.6026528 31.257
64.9 0.281 524.57 0.30467247 0.085613 0.003668536 0.013255346 0.2768 13.3907081 19.574028 31.080
64.7 0.288 524.37 0.30255383 0.087136 0.003734169 0.01316122 0.2837 13.387007 19.5972241 31.521
64.7 0.294 524.37 0.30255383 0.088951 0.003812441 0.01316122 0.2897 13.3886817 19.6825193 32.039
64.7 0.288 524.37 0.30255383 0.087136 0.003734169 0.01316122 0.2837 13.387007 19.5972241 31.521
64.7 0.294 524.37 0.30255383 0.088951 0.003812441 0.01316122 0.2897 13.3886817 19.6825193 32.039
64.9 0.294 524.57 0.30467247 0.089574 0.003839303 0.013255346 0.2896 13.3943632 19.760132 32.214
64.9 0.296 524.57 0.30467247 0.090183 0.003865583 0.013255346 0.2916 13.3949257 19.7887723 32.384
64.7 0.299 524.37 0.30255383 0.090464 0.003877683 0.01316122 0.2946 13.3900776 19.7536149 32.463









64.7 0.295 524.37 0.30255383 0.089253 0.003825488 0.01316122 0.2907 13.3889608 19.6967372 32.124
64.7 0.297 524.37 0.30255383 0.089858 0.003851585 0.01316122 0.2926 13.3895192 19.7251749 32.294
64.7 0.295 524.37 0.30255383 0.089253 0.003825488 0.01316122 0.2907 13.3889608 19.6967372 32.124
64.7 0.298 524.37 0.30255383 0.090161 0.003864633 0.01316122 0.2936 13.3897984 19.7393946 32.378
64.7 0.299 524.37 0.30255383 0.090464 0.003877683 0.01316122 0.2946 13.3900776 19.7536149 32.463
64.5 0.294 524.17 0.30044811 0.088332 0.003785746 0.013067696 0.2897 13.3830041 19.6050924 31.863
64.7 0.295 524.37 0.30255383 0.089253 0.003825488 0.01316122 0.2907 13.3889608 19.6967372 32.124
64.7 0.298 524.37 0.30255383 0.090161 0.003864633 0.01316122 0.2936 13.3897984 19.7393946 32.378
64.7 0.293 524.37 0.30255383 0.088648 0.003799394 0.01316122 0.2887 13.3884025 19.6683019 31.953
64.9 0.296 524.57 0.30467247 0.090183 0.003865583 0.013255346 0.2916 13.3949257 19.7887723 32.384
64.9 0.295 524.57 0.30467247 0.089878 0.003852442 0.013255346 0.2906 13.3946444 19.7744519 32.299
65.2 0.293 524.87 0.30787481 0.090207 0.003866629 0.013397672 0.2886 13.4026086 19.8624281 32.391
64.9 0.29 524.57 0.30467247 0.088355 0.003786749 0.013255346 0.2857 13.3932383 19.7028584 31.870
64.9 0.288 524.57 0.30467247 0.087746 0.003760476 0.013255346 0.2837 13.392676 19.6742252 31.696
65.2 0.285 524.87 0.30787481 0.087744 0.003760418 0.013397672 0.2807 13.400334 19.7466626 31.696
64.9 0.288 524.57 0.30467247 0.087746 0.003760476 0.013255346 0.2837 13.392676 19.6742252 31.696
64.9 0.283 524.57 0.30467247 0.086222 0.003694802 0.013255346 0.2787 13.3912703 19.6026528 31.257
64.7 0.286 524.37 0.30255383 0.08653 0.003708083 0.01316122 0.2817 13.3864488 19.5687971 31.347
64.9 0.285 524.57 0.30467247 0.086832 0.00372107 0.013255346 0.2807 13.3918325 19.63128 31.434
64.9 0.286 524.57 0.30467247 0.087136 0.003734205 0.013255346 0.2817 13.3921137 19.6455944 31.522
64.7 0.287 524.37 0.30255383 0.086833 0.003721126 0.01316122 0.2827 13.3867279 19.5830103 31.434
64.9 0.287 524.57 0.30467247 0.087441 0.00374734 0.013255346 0.2827 13.3923948 19.6599095 31.609
64.7 0.285 524.37 0.30255383 0.086228 0.00369504 0.01316122 0.2808 13.3861698 19.5545845 31.259
64.7 0.285 524.37 0.30255383 0.086228 0.00369504 0.01316122 0.2808 13.3861698 19.5545845 31.259
64.7 0.288 524.37 0.30255383 0.087136 0.003734169 0.01316122 0.2837 13.387007 19.5972241 31.521
64.9 0.289 524.57 0.30467247 0.08805 0.003773612 0.013255346 0.2847 13.3929571 19.6885415 31.783
64.9 0.288 524.57 0.30467247 0.087746 0.003760476 0.013255346 0.2837 13.392676 19.6742252 31.696
64.9 0.289 524.57 0.30467247 0.08805 0.003773612 0.013255346 0.2847 13.3929571 19.6885415 31.783
64.9 0.284 524.57 0.30467247 0.086527 0.003707936 0.013255346 0.2797 13.3915514 19.6169661 31.346
64.9 0.281 524.57 0.30467247 0.085613 0.003668536 0.013255346 0.2768 13.3907081 19.574028 31.080
64.7 0.278 524.37 0.30255383 0.08411 0.003603759 0.01316122 0.2738 13.3842167 19.4551129 30.637
64.9 0.281 524.57 0.30467247 0.085613 0.003668536 0.013255346 0.2768 13.3907081 19.574028 31.080
64.7 0.236 524.37 0.30255383 0.071403 0.003056631 0.01316122 0.2322 13.3725104 18.8588922 26.570
64.7 0.244 524.37 0.30255383 0.073823 0.003160772 0.01316122 0.2402 13.3747386 18.9723776 27.393
64.7 0.247 524.37 0.30255383 0.074731 0.003199834 0.01316122 0.2431 13.3755743 19.0149444 27.696
64.7 0.257 524.37 0.30255383 0.077756 0.003330075 0.01316122 0.2530 13.378361 19.1568721 28.680
64.7 0.258 524.37 0.30255383 0.078059 0.003343102 0.01316122 0.2540 13.3786397 19.1710682 28.776
64.9 0.263 524.57 0.30467247 0.080129 0.003432244 0.013255346 0.2589 13.3856505 19.3165133 29.427
64.9 0.265 524.57 0.30467247 0.080738 0.00345849 0.013255346 0.2609 13.3862122 19.3451164 29.616
64.9 0.268 524.57 0.30467247 0.081652 0.003497863 0.013255346 0.2639 13.387055 19.3880256 29.896
65.2 0.269 524.87 0.30787481 0.082818 0.003548102 0.013397672 0.2648 13.3957869 19.5152496 30.250
65.2 0.269 524.87 0.30787481 0.082818 0.003548102 0.013397672 0.2648 13.3957869 19.5152496 30.250
64.9 0.269 524.57 0.30467247 0.081957 0.003510988 0.013255346 0.2649 13.3873359 19.4023299 29.989
65.2 0.272 524.87 0.30787481 0.083742 0.0035879 0.013397672 0.2678 13.3966393 19.5586276 30.527
65.2 0.273 524.87 0.30787481 0.08405 0.003601167 0.013397672 0.2688 13.3969234 19.5730881 30.619
64.9 0.273 524.57 0.30467247 0.083176 0.003563496 0.013255346 0.2688 13.3884598 19.459553 30.357
64.9 0.271 524.57 0.30467247 0.082566 0.003537241 0.013255346 0.2669 13.3878978 19.4309403 30.174
65.2 0.277 524.87 0.30787481 0.085281 0.003654242 0.013397672 0.2728 13.3980601 19.6309365 30.982
64.9 0.277 524.57 0.30467247 0.084394 0.003616011 0.013255346 0.2728 13.3895838 19.5167857 30.721
64.9 0.28 524.57 0.30467247 0.085308 0.003655404 0.013255346 0.2758 13.390427 19.5597165 30.990
64.9 0.275 524.57 0.30467247 0.083785 0.003589752 0.013255346 0.2708 13.3890218 19.4881682 30.540
64.9 0.28 524.57 0.30467247 0.085308 0.003655404 0.013255346 0.2758 13.390427 19.5597165 30.990
64.7 0.281 524.37 0.30255383 0.085018 0.003642876 0.01316122 0.2768 13.3850537 19.4977401 30.905
64.9 0.281 524.57 0.30467247 0.085613 0.003668536 0.013255346 0.2768 13.3907081 19.574028 31.080
64.7 0.277 524.37 0.30255383 0.083807 0.003590721 0.01316122 0.2728 13.3839378 19.4409051 30.546
64.7 0.276 524.37 0.30255383 0.083505 0.003577684 0.01316122 0.2718 13.3836588 19.4266978 30.456
64.9 0.277 524.57 0.30467247 0.084394 0.003616011 0.013255346 0.2728 13.3895838 19.5167857 30.721
64.9 0.281 524.57 0.30467247 0.085613 0.003668536 0.013255346 0.2768 13.3907081 19.574028 31.080




Time T1db (C) T1db (F) T1dew T1dew C T2db (F) PsychCon Twet_Tdew_avg es_Tw_Td_avg Delta T1wet C T1wet (F) WBE (%)
4/8/2016 5:14 64.7 18.168 32.463 0.257 63.8 0.06675 4.95072506 0.869081128 0.06061 9.64443 49.35997 5.867
4/8/2016 5:15 64.7 18.168 33.045 0.5808 63.8 0.06675 5.161214228 0.881921202 0.0614 9.74165 49.534975 5.93471
4/8/2016 5:16 64.7 18.168 34.096 1.1645 63.7 0.06675 5.543159276 0.905648717 0.06285 9.92179 49.859231 6.7382
4/8/2016 5:17 64.7 18.168 34.254 1.2524 63.6 0.06675 5.600929267 0.909286205 0.06308 9.94946 49.909022 7.43697
4/8/2016 5:18 64.7 18.168 34.49 1.3833 63.3 0.06675 5.68710564 0.914736277 0.06341 9.99092 49.98366 9.51323
4/8/2016 5:19 64.7 18.168 34.646 1.4699 63.1 0.06675 5.744241635 0.918365625 0.06363 10.0185 50.033385 10.9091
4/8/2016 5:20 64.7 18.168 35.032 1.6845 62.9 0.06675 5.885999634 0.927425232 0.06419 10.0875 50.157576 12.3776
4/8/2016 5:21 64.7 18.168 35.185 1.7694 62.7 0.06675 5.942277133 0.931043692 0.06441 10.1151 50.207203 13.8
4/8/2016 5:22 64.7 18.168 35.413 1.8961 62.6 0.06675 6.026245499 0.936465759 0.06474 10.1564 50.28159 14.5647
4/8/2016 5:23 64.7 18.168 35.413 1.8961 62.4 0.06675 6.026245499 0.936465759 0.06474 10.1564 50.28159 15.9518
4/8/2016 5:24 64.7 18.168 35.488 1.938 62.3 0.06675 6.054116805 0.938271638 0.06485 10.1702 50.30637 16.674
4/8/2016 5:25 64.7 18.168 35.488 1.938 62.2 0.06675 6.054116805 0.938271638 0.06485 10.1702 50.30637 17.3688
4/8/2016 5:26 64.7 18.168 35.639 2.0216 62.1 0.06675 6.109684086 0.941881213 0.06507 10.1977 50.35591 18.1259
4/8/2016 5:27 64.9 18.279 35.59 1.9946 62 0.06675 6.116770113 0.942342392 0.0651 10.2389 50.43003 20.0415
4/8/2016 5:28 64.9 18.279 35.666 2.0366 62 0.06675 6.144684857 0.944161103 0.06521 10.2527 50.454919 20.076
4/8/2016 5:29 64.9 18.279 35.741 2.0785 61.9 0.06675 6.172540994 0.945979084 0.06532 10.2666 50.4798 20.8042
4/8/2016 5:30 64.9 18.279 35.816 2.1203 61.9 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 20.8401
4/8/2016 5:31 64.9 18.279 35.666 2.0366 61.8 0.06675 6.144684857 0.944161103 0.06521 10.2527 50.454919 21.4606
4/8/2016 5:32 64.9 18.279 35.741 2.0785 61.8 0.06675 6.172540994 0.945979084 0.06532 10.2666 50.4798 21.4976
4/8/2016 5:33 65.2 18.446 36.007 2.2264 61.7 0.06675 6.308415628 0.954891072 0.06586 10.3904 50.702706 24.1424
4/8/2016 5:34 65.2 18.446 36.083 2.2683 61.7 0.06675 6.336278621 0.95672773 0.06597 10.4043 50.727742 24.1842
4/8/2016 5:35 64.9 18.279 36.115 2.2863 61.6 0.06675 6.310953437 0.955058229 0.06587 10.3356 50.604093 23.0835
4/8/2016 5:36 64.7 18.168 35.788 2.1048 61.6 0.06675 6.165019663 0.945487914 0.06529 10.2252 50.40542 21.6865
4/8/2016 5:37 64.9 18.279 36.041 2.245 61.6 0.06675 6.283385694 0.953243817 0.06576 10.3218 50.57925 23.0435
4/8/2016 5:38 64.7 18.168 35.937 2.1875 61.6 0.06675 6.220125984 0.949091783 0.06551 10.2527 50.454899 21.7619
4/8/2016 5:39 64.9 18.279 36.041 2.245 61.5 0.06675 6.283385694 0.953243817 0.06576 10.3218 50.57925 23.7418
4/8/2016 5:40 64.7 18.168 35.639 2.0216 61.5 0.06675 6.109684086 0.941881213 0.06507 10.1977 50.35591 22.3088
4/8/2016 5:41 64.9 18.279 35.966 2.2035 61.5 0.06675 6.255760882 0.951428702 0.06565 10.308 50.554399 23.7006
4/8/2016 5:42 64.9 18.279 35.816 2.1203 61.4 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 24.3134
4/8/2016 5:43 64.9 18.279 35.966 2.2035 61.4 0.06675 6.255760882 0.951428702 0.06565 10.308 50.554399 24.3977
4/8/2016 5:44 64.9 18.279 35.891 2.162 61.4 0.06675 6.228078698 0.949612878 0.06554 10.2942 50.52954 24.3555
4/8/2016 5:45 64.9 18.279 35.816 2.1203 61.4 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 24.3134
4/8/2016 5:46 64.9 18.279 35.59 1.9946 61.4 0.06675 6.116770113 0.942342392 0.0651 10.2389 50.43003 24.188
4/8/2016 5:47 64.9 18.279 35.816 2.1203 61.3 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 25.0081
4/8/2016 5:48 65.2 18.446 36.083 2.2683 61.3 0.06675 6.336278621 0.95672773 0.06597 10.4043 50.727742 26.9481
4/8/2016 5:49 65.2 18.446 36.083 2.2683 61.3 0.06675 6.336278621 0.95672773 0.06597 10.4043 50.727742 26.9481
4/8/2016 5:50 64.9 18.279 35.666 2.0366 61.3 0.06675 6.144684857 0.944161103 0.06521 10.2527 50.454919 24.922
4/8/2016 5:51 65.2 18.446 35.78 2.1003 61.3 0.06675 6.224475102 0.949376724 0.06553 10.3486 50.627552 26.7628
4/8/2016 5:52 65.2 18.446 35.932 2.1845 61.3 0.06675 6.280494252 0.953053689 0.06575 10.3765 50.677662 26.8552
4/8/2016 5:53 65.2 18.446 35.856 2.1425 61.3 0.06675 6.252514183 0.951215575 0.06564 10.3626 50.652611 26.8089
4/8/2016 6:09 64.7 18.168 32.63 0.3502 63.2 0.06675 5.011221985 0.872754487 0.06083 9.67222 49.409998 9.81033
4/8/2016 6:10 64.7 18.168 33.128 0.6265 63.3 0.06675 5.191001783 0.883751744 0.06151 9.75553 49.559953 9.247
4/8/2016 6:11 64.9 18.279 33.792 0.9958 63.3 0.06675 5.457794436 0.900297244 0.06253 9.91979 49.855621 10.6352
4/8/2016 6:12 64.9 18.279 34.033 1.1298 63.1 0.06675 5.545661678 0.905806015 0.06286 9.96153 49.930747 12.0246
4/8/2016 6:13 64.7 18.168 34.568 1.4267 63 0.06675 5.715704895 0.91655135 0.06352 10.0047 50.008526 11.5713
4/8/2016 6:14 64.5 18.057 34.469 1.3716 62.8 0.06675 5.654130636 0.912647433 0.06328 9.93666 49.885986 11.6327
4/8/2016 6:15 64.7 18.168 34.723 1.5131 62.6 0.06675 5.772716206 0.920179108 0.06374 10.0324 50.058237 14.3425
4/8/2016 6:16 64.7 18.168 35.032 1.6845 62.4 0.06675 5.885999634 0.927425232 0.06419 10.0875 50.157576 15.8158
4/8/2016 6:17 64.7 18.168 34.878 1.599 62.3 0.06675 5.829480214 0.923803719 0.06396 10.06 50.107921 16.4473
4/8/2016 6:18 64.7 18.168 35.032 1.6845 62.2 0.06675 5.885999634 0.927425232 0.06419 10.0875 50.157576 17.1911
4/8/2016 6:19 64.7 18.168 35.185 1.7694 62.1 0.06675 5.942277133 0.931043692 0.06441 10.1151 50.207203 17.9399
4/8/2016 6:20 64.7 18.168 35.185 1.7694 62 0.06675 5.942277133 0.931043692 0.06441 10.1151 50.207203 18.6299
4/8/2016 6:21 64.7 18.168 35.337 1.854 61.9 0.06675 5.998315331 0.934659146 0.06463 10.1427 50.256801 19.3863
4/8/2016 6:22 64.7 18.168 35.032 1.6845 61.9 0.06675 5.885999634 0.927425232 0.06419 10.0875 50.157576 19.254
4/8/2016 6:23 64.9 18.279 35.209 1.7829 61.8 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 21.2408
4/8/2016 6:24 64.9 18.279 35.286 1.8255 61.7 0.06675 6.004518732 0.935060136 0.06465 10.1836 50.3304 21.9635
4/8/2016 6:25 64.9 18.279 35.132 1.7402 61.7 0.06675 5.948033076 0.931414482 0.06443 10.1559 50.280541 21.8886
4/8/2016 6:26 64.9 18.279 35.286 1.8255 61.7 0.06675 6.004518732 0.935060136 0.06465 10.1836 50.3304 21.9635
4/8/2016 6:27 65.2 18.446 35.398 1.8878 61.7 0.06675 6.083383312 0.940171225 0.06496 10.279 50.502143 23.813
4/8/2016 6:28 65.2 18.446 35.398 1.8878 61.6 0.06675 6.083383312 0.940171225 0.06496 10.279 50.502143 24.4934
4/8/2016 6:29 65.2 18.446 35.551 1.9732 61.6 0.06675 6.140000604 0.943855697 0.06519 10.3068 50.552329 24.5773
4/8/2016 6:30 64.9 18.279 35.132 1.7402 61.5 0.06675 5.948033076 0.931414482 0.06443 10.1559 50.280541 23.2567
4/8/2016 6:31 64.9 18.279 35.438 1.9103 61.5 0.06675 6.060763544 0.938702757 0.06487 10.2112 50.38023 23.4163
4/8/2016 6:32 64.7 18.168 34.955 1.6418 61.5 0.06675 5.85777033 0.92561486 0.06408 10.0738 50.132752 21.9671
4/8/2016 6:33 64.9 18.279 34.978 1.6545 61.4 0.06675 5.891303932 0.92776575 0.06421 10.1281 50.230654 23.8593
4/8/2016 6:34 64.9 18.279 35.286 1.8255 61.4 0.06675 6.004518732 0.935060136 0.06465 10.1836 50.3304 24.0226
4/8/2016 6:35 64.9 18.279 35.055 1.6974 61.4 0.06675 5.919699107 0.929590504 0.06432 10.142 50.255601 23.8999
4/8/2016 6:36 64.7 18.168 35.032 1.6845 61.4 0.06675 5.885999634 0.927425232 0.06419 10.0875 50.157576 22.6922




4/8/2016 6:38 64.7 18.168 35.032 1.6845 61.4 0.06675 5.885999634 0.927425232 0.06419 10.0875 50.157576 22.6922
4/8/2016 6:39 64.7 18.168 35.108 1.727 61.4 0.06675 5.914168459 0.92923484 0.0643 10.1013 50.182393 22.731
4/8/2016 6:40 64.7 18.168 35.108 1.727 61.4 0.06675 5.914168459 0.92923484 0.0643 10.1013 50.182393 22.731
4/8/2016 6:41 64.7 18.168 35.185 1.7694 61.4 0.06675 5.942277133 0.931043692 0.06441 10.1151 50.207203 22.7699
4/8/2016 6:42 64.9 18.279 35.286 1.8255 61.4 0.06675 6.004518732 0.935060136 0.06465 10.1836 50.3304 24.0226
4/8/2016 6:43 64.9 18.279 35.209 1.7829 61.4 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 23.9816
4/8/2016 6:44 64.9 18.279 35.132 1.7402 61.4 0.06675 5.948033076 0.931414482 0.06443 10.1559 50.280541 23.9407
4/8/2016 6:45 64.9 18.279 35.055 1.6974 61.4 0.06675 5.919699107 0.929590504 0.06432 10.142 50.255601 23.8999
4/8/2016 6:46 64.9 18.279 34.823 1.5682 61.4 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 23.7784
4/8/2016 6:47 64.9 18.279 34.823 1.5682 61.4 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 23.7784
4/8/2016 6:48 65.2 18.446 34.932 1.6289 61.5 0.06675 5.912057519 0.929099122 0.06429 10.1952 50.351409 24.9182
4/8/2016 6:49 65.2 18.446 35.088 1.7157 61.5 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 25.0028
4/8/2016 6:50 65.2 18.446 35.088 1.7157 61.5 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 25.0028
4/8/2016 6:51 65.2 18.446 34.932 1.6289 61.6 0.06675 5.912057519 0.929099122 0.06429 10.1952 50.351409 24.2447
4/8/2016 6:52 65.2 18.446 35.243 1.802 61.6 0.06675 6.026522171 0.936483671 0.06474 10.2511 50.451928 24.41
4/8/2016 6:53 65.2 18.446 35.088 1.7157 61.6 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 24.3271
4/8/2016 7:09 64.7 18.168 31.867 -0.0737 63.6 0.06675 4.736670847 0.856193219 0.05981 9.54706 49.184714 7.08978
4/8/2016 7:10 64.7 18.168 32.463 0.257 63.7 0.06675 4.95072506 0.869081128 0.06061 9.64443 49.35997 6.51889
4/8/2016 7:11 64.7 18.168 32.88 0.489 63.7 0.06675 5.101429485 0.878257338 0.06117 9.71389 49.485001 6.57246
4/8/2016 7:12 64.9 18.279 33.386 0.7698 63.6 0.06675 5.310003897 0.891098339 0.06196 9.85016 49.730287 8.56971
4/8/2016 7:13 64.7 18.168 33.697 0.9426 63.4 0.06675 5.397596178 0.896540259 0.0623 9.85258 49.734639 8.68673
4/8/2016 7:14 64.9 18.279 34.033 1.1298 63.3 0.06675 5.545661678 0.905806015 0.06286 9.96153 49.930747 10.6886
4/8/2016 7:15 64.9 18.279 34.273 1.2626 63.2 0.06675 5.632936316 0.911307077 0.0632 10.0032 50.005814 11.4138
4/8/2016 7:16 64.9 18.279 34.193 1.2185 63.1 0.06675 5.603909988 0.909474235 0.06309 9.98933 49.980798 12.065
4/8/2016 7:17 64.9 18.279 34.193 1.2185 63 0.06675 5.603909988 0.909474235 0.06309 9.98933 49.980798 12.7353
4/8/2016 7:18 64.9 18.279 34.431 1.3506 62.9 0.06675 5.690795166 0.914970257 0.06342 10.031 50.055826 13.4733
4/8/2016 7:19 65.2 18.446 34.696 1.4978 62.8 0.06675 5.825548541 0.92355226 0.06395 10.1533 50.275946 16.0814
4/8/2016 7:20 65.2 18.446 34.932 1.6289 62.7 0.06675 5.912057519 0.929099122 0.06429 10.1952 50.351409 16.8366
4/8/2016 7:21 64.9 18.279 34.745 1.525 62.6 0.06675 5.805747776 0.922286776 0.06387 10.0865 50.155769 15.5993
4/8/2016 7:22 65.2 18.446 34.853 1.5853 62.5 0.06675 5.883284683 0.927250983 0.06418 10.1813 50.326262 18.1528
4/8/2016 7:23 65.2 18.446 35.166 1.7589 62.5 0.06675 5.997999317 0.934638723 0.06463 10.2371 50.426809 18.2763
4/8/2016 7:24 64.9 18.279 34.588 1.438 62.5 0.06675 5.748398031 0.91863014 0.06365 10.0588 50.105812 16.2226
4/8/2016 7:25 64.9 18.279 34.823 1.5682 62.4 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 16.9845
4/8/2016 7:26 64.9 18.279 34.667 1.4815 62.4 0.06675 5.777104366 0.920458861 0.06376 10.0727 50.130794 16.9271
4/8/2016 7:27 64.9 18.279 34.745 1.525 62.3 0.06675 5.805747776 0.922286776 0.06387 10.0865 50.155769 17.634
4/8/2016 7:28 64.9 18.279 34.9 1.6114 62.3 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 17.6939
4/8/2016 7:29 64.9 18.279 34.823 1.5682 62.3 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 17.6639
4/8/2016 7:30 64.9 18.279 34.9 1.6114 62.2 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 18.3745
4/8/2016 7:31 64.7 18.168 34.49 1.3833 62.2 0.06675 5.68710564 0.914736277 0.06341 9.99092 49.98366 16.9879
4/8/2016 7:32 64.9 18.279 34.823 1.5682 62.2 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 18.3433
4/8/2016 7:33 64.9 18.279 34.9 1.6114 62.1 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 19.055
4/8/2016 7:34 64.9 18.279 34.745 1.525 62.1 0.06675 5.805747776 0.922286776 0.06387 10.0865 50.155769 18.9905
4/8/2016 7:35 65.2 18.446 35.243 1.802 62.1 0.06675 6.026522171 0.936483671 0.06474 10.2511 50.451928 21.0197
4/8/2016 7:36 64.9 18.279 34.667 1.4815 62.1 0.06675 5.777104366 0.920458861 0.06376 10.0727 50.130794 18.9584
4/8/2016 7:37 64.9 18.279 34.823 1.5682 62.1 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 19.0227
4/8/2016 7:38 64.9 18.279 34.9 1.6114 62.1 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 19.055
4/8/2016 7:39 65.2 18.446 35.243 1.802 62.1 0.06675 6.026522171 0.936483671 0.06474 10.2511 50.451928 21.0197
4/8/2016 7:40 65.2 18.446 35.166 1.7589 62.1 0.06675 5.997999317 0.934638723 0.06463 10.2371 50.426809 20.984
4/8/2016 7:41 65.2 18.446 35.01 1.6723 62.1 0.06675 5.940767337 0.930946455 0.0644 10.2092 50.37655 20.9128
4/8/2016 7:42 65.2 18.446 35.01 1.6723 62.1 0.06675 5.940767337 0.930946455 0.0644 10.2092 50.37655 20.9128
4/8/2016 7:43 65.2 18.446 35.088 1.7157 62.1 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 20.9483
4/8/2016 7:44 65.2 18.446 35.088 1.7157 62 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 21.6241
4/8/2016 7:45 65.2 18.446 35.01 1.6723 62 0.06675 5.940767337 0.930946455 0.0644 10.2092 50.37655 21.5874
4/8/2016 7:46 64.9 18.279 34.588 1.438 62 0.06675 5.748398031 0.91863014 0.06365 10.0588 50.105812 19.6023
4/8/2016 7:47 64.9 18.279 34.745 1.525 62 0.06675 5.805747776 0.922286776 0.06387 10.0865 50.155769 19.6687
4/8/2016 7:48 64.9 18.279 35.055 1.6974 62 0.06675 5.919699107 0.929590504 0.06432 10.142 50.255601 19.8028
4/8/2016 7:49 64.9 18.279 34.823 1.5682 62 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 19.7021
4/8/2016 7:50 64.9 18.279 34.823 1.5682 62 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 19.7021
4/8/2016 7:51 64.9 18.279 34.978 1.6545 62 0.06675 5.891303932 0.92776575 0.06421 10.1281 50.230654 19.7691
4/8/2016 7:52 64.7 18.168 34.646 1.4699 62 0.06675 5.744241635 0.918365625 0.06363 10.0185 50.033385 18.4092
4/8/2016 7:53 64.9 18.279 34.823 1.5682 62 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 19.7021
4/8/2016 8:09 65.2 18.446 31.871 -0.0715 64 0.06675 4.802255717 0.860123932 0.06005 9.67597 49.416741 7.60299
4/8/2016 8:10 64.9 18.279 32.554 0.3077 64.1 0.06675 5.00919661 0.872631285 0.06083 9.71066 49.479184 5.18779
4/8/2016 8:11 64.9 18.279 33.056 0.5867 64 0.06675 5.190532147 0.883722857 0.06151 9.7944 49.629913 5.89388
4/8/2016 8:12 64.9 18.279 33.467 0.8153 63.9 0.06675 5.339698357 0.892939914 0.06207 9.86409 49.755366 6.603
4/8/2016 8:13 64.9 18.279 33.953 1.0853 63.8 0.06675 5.516438948 0.903970623 0.06275 9.94762 49.905711 7.33613
4/8/2016 8:14 64.9 18.279 34.033 1.1298 63.6 0.06675 5.545661678 0.905806015 0.06286 9.96153 49.930747 8.68447
4/8/2016 8:15 64.9 18.279 34.193 1.2185 63.5 0.06675 5.603909988 0.909474235 0.06309 9.98933 49.980798 9.38388
4/8/2016 8:16 64.9 18.279 34.667 1.4815 63.3 0.06675 5.777104366 0.920458861 0.06376 10.0727 50.130794 10.8334




4/8/2016 8:18 64.7 18.168 34.646 1.4699 63.1 0.06675 5.744241635 0.918365625 0.06363 10.0185 50.033385 10.9091
4/8/2016 8:19 64.9 18.279 34.823 1.5682 63 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 12.9083
4/8/2016 8:20 64.9 18.279 34.823 1.5682 62.9 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 13.5876
4/8/2016 8:21 65.2 18.446 35.01 1.6723 62.8 0.06675 5.940767337 0.930946455 0.0644 10.2092 50.37655 16.1906
4/8/2016 8:22 64.9 18.279 34.823 1.5682 62.8 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 14.267
4/8/2016 8:23 64.9 18.279 34.9 1.6114 62.7 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 14.9718
4/8/2016 8:24 64.9 18.279 34.9 1.6114 62.6 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 15.6523
4/8/2016 8:25 64.9 18.279 34.823 1.5682 62.6 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 15.6258
4/8/2016 8:26 64.9 18.279 34.745 1.525 62.5 0.06675 5.805747776 0.922286776 0.06387 10.0865 50.155769 16.2776
4/8/2016 8:27 64.9 18.279 34.745 1.525 62.4 0.06675 5.805747776 0.922286776 0.06387 10.0865 50.155769 16.9558
4/8/2016 8:28 65.2 18.446 34.853 1.5853 62.4 0.06675 5.883284683 0.927250983 0.06418 10.1813 50.326262 18.8251
4/8/2016 8:29 65.2 18.446 35.166 1.7589 62.4 0.06675 5.997999317 0.934638723 0.06463 10.2371 50.426809 18.9533
4/8/2016 8:30 65.2 18.446 35.088 1.7157 62.3 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 19.5968
4/8/2016 8:31 65.2 18.446 35.088 1.7157 62.3 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 19.5968
4/8/2016 8:32 65.2 18.446 35.01 1.6723 62.3 0.06675 5.940767337 0.930946455 0.0644 10.2092 50.37655 19.5636
4/8/2016 8:33 65.2 18.446 34.853 1.5853 62.3 0.06675 5.883284683 0.927250983 0.06418 10.1813 50.326262 19.4975
4/8/2016 8:34 65.2 18.446 34.775 1.5416 62.3 0.06675 5.854448476 0.925402031 0.06406 10.1673 50.301108 19.4645
4/8/2016 8:35 65.2 18.446 34.932 1.6289 62.3 0.06675 5.912057519 0.929099122 0.06429 10.1952 50.351409 19.5305
4/8/2016 8:36 65.4 18.557 35.03 1.6835 62.2 0.06675 5.973179352 0.933035901 0.06453 10.2629 50.473173 21.4379
4/8/2016 8:37 65.2 18.446 35.01 1.6723 62.3 0.06675 5.940767337 0.930946455 0.0644 10.2092 50.37655 19.5636
4/8/2016 8:38 65.2 18.446 35.243 1.802 62.3 0.06675 6.026522171 0.936483671 0.06474 10.2511 50.451928 19.6636
4/8/2016 8:39 65.2 18.446 35.088 1.7157 62.3 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 19.5968
4/8/2016 8:40 65.4 18.557 35.03 1.6835 62.2 0.06675 5.973179352 0.933035901 0.06453 10.2629 50.473173 21.4379
4/8/2016 8:41 65.2 18.446 35.166 1.7589 62.2 0.06675 5.997999317 0.934638723 0.06463 10.2371 50.426809 20.3071
4/8/2016 8:42 65.2 18.446 35.166 1.7589 62.2 0.06675 5.997999317 0.934638723 0.06463 10.2371 50.426809 20.3071
4/8/2016 8:43 65.2 18.446 35.01 1.6723 62.2 0.06675 5.940767337 0.930946455 0.0644 10.2092 50.37655 20.2382
4/8/2016 8:44 65.2 18.446 35.166 1.7589 62.2 0.06675 5.997999317 0.934638723 0.06463 10.2371 50.426809 20.3071
4/8/2016 8:45 64.9 18.279 34.823 1.5682 62.2 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 18.3433
4/8/2016 8:46 65.2 18.446 35.088 1.7157 62.2 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 20.2726
4/8/2016 8:47 65.2 18.446 35.321 1.8449 62.1 0.06675 6.05498339 0.938327837 0.06485 10.265 50.477039 21.0555
4/8/2016 8:48 64.9 18.279 34.9 1.6114 62.1 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 19.055
4/8/2016 8:49 65.2 18.446 35.088 1.7157 62.1 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 20.9483
4/8/2016 8:50 65.2 18.446 35.243 1.802 62.1 0.06675 6.026522171 0.936483671 0.06474 10.2511 50.451928 21.0197
4/8/2016 8:51 65.2 18.446 35.243 1.802 62.1 0.06675 6.026522171 0.936483671 0.06474 10.2511 50.451928 21.0197
4/8/2016 8:52 65.2 18.446 35.321 1.8449 62.1 0.06675 6.05498339 0.938327837 0.06485 10.265 50.477039 21.0555
4/8/2016 8:53 65.2 18.446 35.243 1.802 62.1 0.06675 6.026522171 0.936483671 0.06474 10.2511 50.451928 21.0197
4/8/2016 9:09 65.2 18.446 31.959 -0.0229 64.1 0.06675 4.833560073 0.862005717 0.06017 9.69006 49.442102 6.98063
4/8/2016 9:10 65.2 18.446 32.477 0.265 64.2 0.06675 5.019764091 0.873274265 0.06086 9.77454 49.594165 6.40786
4/8/2016 9:11 64.9 18.279 33.056 0.5867 64.2 0.06675 5.190532147 0.883722857 0.06151 9.7944 49.629913 4.58413
4/8/2016 9:12 65.2 18.446 33.731 0.962 64 0.06675 5.473644224 0.901288742 0.06259 9.98527 49.973484 7.88099
4/8/2016 9:13 64.9 18.279 34.033 1.1298 63.9 0.06675 5.545661678 0.905806015 0.06286 9.96153 49.930747 6.68036
4/8/2016 9:14 64.9 18.279 34.033 1.1298 63.7 0.06675 5.545661678 0.905806015 0.06286 9.96153 49.930747 8.01643
4/8/2016 9:15 65.2 18.446 34.458 1.3656 63.6 0.06675 5.738462753 0.917997966 0.06361 10.1113 50.20042 10.667
4/8/2016 9:16 64.9 18.279 34.352 1.3067 63.4 0.06675 5.66189792 0.913139082 0.06331 10.0171 50.030824 10.088
4/8/2016 9:17 64.7 18.168 34.723 1.5131 63.3 0.06675 5.772716206 0.920179108 0.06374 10.0324 50.058237 9.56169
4/8/2016 9:18 64.9 18.279 34.823 1.5682 63.2 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 11.5495
4/8/2016 9:19 64.9 18.279 34.823 1.5682 63.1 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 12.2289
4/8/2016 9:20 64.7 18.168 34.955 1.6418 63 0.06675 5.85777033 0.92561486 0.06408 10.0738 50.132752 11.67
4/8/2016 9:21 64.7 18.168 35.032 1.6845 62.9 0.06675 5.885999634 0.927425232 0.06419 10.0875 50.157576 12.3776
4/8/2016 9:22 64.9 18.279 34.9 1.6114 62.9 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 13.6107
4/8/2016 9:23 65.2 18.446 35.088 1.7157 62.8 0.06675 5.969414487 0.932792986 0.06451 10.2232 50.401683 16.2181
4/8/2016 9:24 64.9 18.279 34.9 1.6114 62.8 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 14.2913
4/8/2016 9:25 64.9 18.279 35.132 1.7402 62.7 0.06675 5.948033076 0.931414482 0.06443 10.1559 50.280541 15.0484
4/8/2016 9:26 64.9 18.279 34.823 1.5682 62.7 0.06675 5.834328609 0.924113892 0.06398 10.1004 50.180738 14.9464
4/8/2016 9:27 64.9 18.279 35.132 1.7402 62.7 0.06675 5.948033076 0.931414482 0.06443 10.1559 50.280541 15.0484
4/8/2016 9:28 64.9 18.279 35.209 1.7829 62.6 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 15.7593
4/8/2016 9:29 64.9 18.279 35.362 1.8679 62.6 0.06675 6.03267108 0.936881823 0.06476 10.1974 50.355319 15.8133
4/8/2016 9:30 65.2 18.446 35.321 1.8449 62.6 0.06675 6.05498339 0.938327837 0.06485 10.265 50.477039 17.6595
4/8/2016 9:31 64.9 18.279 34.978 1.6545 62.6 0.06675 5.891303932 0.92776575 0.06421 10.1281 50.230654 15.679
4/8/2016 9:32 64.9 18.279 35.055 1.6974 62.6 0.06675 5.919699107 0.929590504 0.06432 10.142 50.255601 15.7057
4/8/2016 9:33 64.9 18.279 35.209 1.7829 62.6 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 15.7593
4/8/2016 9:34 64.9 18.279 35.055 1.6974 62.6 0.06675 5.919699107 0.929590504 0.06432 10.142 50.255601 15.7057
4/8/2016 9:35 64.9 18.279 35.132 1.7402 62.5 0.06675 5.948033076 0.931414482 0.06443 10.1559 50.280541 16.4165
4/8/2016 9:36 64.9 18.279 35.209 1.7829 62.5 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 16.4445
4/8/2016 9:37 64.9 18.279 35.132 1.7402 62.5 0.06675 5.948033076 0.931414482 0.06443 10.1559 50.280541 16.4165
4/8/2016 9:38 64.9 18.279 35.209 1.7829 62.5 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 16.4445
4/8/2016 9:39 64.9 18.279 35.286 1.8255 62.5 0.06675 6.004518732 0.935060136 0.06465 10.1836 50.3304 16.4727
4/8/2016 9:40 64.9 18.279 35.209 1.7829 62.5 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 16.4445
4/8/2016 9:41 64.9 18.279 34.978 1.6545 62.4 0.06675 5.891303932 0.92776575 0.06421 10.1281 50.230654 17.0423




4/8/2016 9:43 64.9 18.279 35.209 1.7829 62.4 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 17.1297
4/8/2016 9:44 64.9 18.279 35.132 1.7402 62.4 0.06675 5.948033076 0.931414482 0.06443 10.1559 50.280541 17.1005
4/8/2016 9:45 64.9 18.279 35.055 1.6974 62.4 0.06675 5.919699107 0.929590504 0.06432 10.142 50.255601 17.0714
4/8/2016 9:46 65.2 18.446 35.243 1.802 62.4 0.06675 6.026522171 0.936483671 0.06474 10.2511 50.451928 18.9855
4/8/2016 9:47 65.2 18.446 35.551 1.9732 62.4 0.06675 6.140000604 0.943855697 0.06519 10.3068 50.552329 19.1157
4/8/2016 9:48 65.2 18.446 35.398 1.8878 62.4 0.06675 6.083383312 0.940171225 0.06496 10.279 50.502143 19.0504
4/8/2016 9:49 65.2 18.446 35.551 1.9732 62.4 0.06675 6.140000604 0.943855697 0.06519 10.3068 50.552329 19.1157
4/8/2016 9:50 65.2 18.446 35.628 2.0157 62.4 0.06675 6.168218636 0.945696791 0.0653 10.3208 50.577411 19.1485
4/8/2016 9:51 65.4 18.557 35.42 1.9003 62.5 0.06675 6.116638485 0.942333823 0.0651 10.333 50.599389 19.5938
4/8/2016 9:52 65.2 18.446 35.551 1.9732 62.5 0.06675 6.140000604 0.943855697 0.06519 10.3068 50.552329 18.433
4/8/2016 9:53 65.2 18.446 35.551 1.9732 62.5 0.06675 6.140000604 0.943855697 0.06519 10.3068 50.552329 18.433
4/8/2016 10:09 64.9 18.279 32.722 0.4013 64.3 0.06675 5.069930084 0.876332335 0.06105 9.73858 49.529449 3.90357
4/8/2016 10:10 65.2 18.446 33.402 0.7792 64.3 0.06675 5.354178657 0.893839164 0.06213 9.92914 49.872459 5.87178
4/8/2016 10:11 64.9 18.279 33.63 0.9058 64.3 0.06675 5.398881951 0.896620359 0.0623 9.89195 49.805506 3.97496
4/8/2016 10:12 64.9 18.279 34.273 1.2626 64.2 0.06675 5.632936316 0.911307077 0.0632 10.0032 50.005814 4.69982
4/8/2016 10:13 64.9 18.279 34.352 1.3067 64 0.06675 5.66189792 0.913139082 0.06331 10.0171 50.030824 6.05279
4/8/2016 10:14 64.9 18.279 34.9 1.6114 63.9 0.06675 5.862847213 0.925940215 0.0641 10.1143 50.205699 6.80536
4/8/2016 10:15 64.9 18.279 34.745 1.525 63.8 0.06675 5.805747776 0.922286776 0.06387 10.0865 50.155769 7.46055
4/8/2016 10:16 64.9 18.279 35.209 1.7829 63.6 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 8.90745
4/8/2016 10:17 65.2 18.446 35.398 1.8878 63.5 0.06675 6.083383312 0.940171225 0.06496 10.279 50.502143 11.5663
4/8/2016 10:18 64.9 18.279 35.209 1.7829 63.4 0.06675 5.976306173 0.933237691 0.06454 10.1697 50.305474 10.2778
4/8/2016 10:19 64.9 18.279 35.514 1.9525 63.3 0.06675 6.088796448 0.940522945 0.06499 10.2251 50.405134 11.0384
4/8/2016 10:20 64.9 18.279 35.286 1.8255 63.3 0.06675 6.004518732 0.935060136 0.06465 10.1836 50.3304 10.9818
4/8/2016 10:21 65.2 18.446 35.704 2.058 63.2 0.06675 6.196376694 0.947537131 0.06541 10.3347 50.602485 13.701
4/8/2016 10:22 64.9 18.279 35.286 1.8255 63.2 0.06675 6.004518732 0.935060136 0.06465 10.1836 50.3304 11.6681
4/8/2016 10:23 65.2 18.446 35.704 2.058 63.1 0.06675 6.196376694 0.947537131 0.06541 10.3347 50.602485 14.386
4/8/2016 10:24 65.2 18.446 35.856 2.1425 63.1 0.06675 6.252514183 0.951215575 0.06564 10.3626 50.652611 14.4356
4/8/2016 10:25 65.2 18.446 35.932 2.1845 63.1 0.06675 6.280494252 0.953053689 0.06575 10.3765 50.677662 14.4605
4/8/2016 10:26 65.2 18.446 35.78 2.1003 63 0.06675 6.224475102 0.949376724 0.06553 10.3486 50.627552 15.097
4/8/2016 10:27 65.2 18.446 35.856 2.1425 63 0.06675 6.252514183 0.951215575 0.06564 10.3626 50.652611 15.123
4/8/2016 10:28 65.2 18.446 35.932 2.1845 63 0.06675 6.280494252 0.953053689 0.06575 10.3765 50.677662 15.1491
4/8/2016 10:29 65.2 18.446 35.856 2.1425 62.9 0.06675 6.252514183 0.951215575 0.06564 10.3626 50.652611 15.8104
4/8/2016 10:30 64.9 18.279 35.741 2.0785 62.9 0.06675 6.172540994 0.945979084 0.06532 10.2666 50.4798 13.8694
4/8/2016 10:31 64.9 18.279 35.666 2.0366 62.9 0.06675 6.144684857 0.944161103 0.06521 10.2527 50.454919 13.8455
4/8/2016 10:32 65.2 18.446 35.932 2.1845 62.9 0.06675 6.280494252 0.953053689 0.06575 10.3765 50.677662 15.8377
4/8/2016 10:33 64.9 18.279 35.666 2.0366 62.9 0.06675 6.144684857 0.944161103 0.06521 10.2527 50.454919 13.8455
4/8/2016 10:34 64.9 18.279 36.041 2.245 62.9 0.06675 6.283385694 0.953243817 0.06576 10.3218 50.57925 13.9657
4/8/2016 10:35 64.9 18.279 35.741 2.0785 62.8 0.06675 6.172540994 0.945979084 0.06532 10.2666 50.4798 14.5629
4/8/2016 10:36 64.9 18.279 35.666 2.0366 62.8 0.06675 6.144684857 0.944161103 0.06521 10.2527 50.454919 14.5378
4/8/2016 10:37 64.9 18.279 35.891 2.162 62.8 0.06675 6.228078698 0.949612878 0.06554 10.2942 50.52954 14.6133
4/8/2016 10:38 65.2 18.446 36.232 2.3516 62.8 0.06675 6.3918307 0.960398891 0.0662 10.4321 50.77779 16.641
4/8/2016 10:39 64.9 18.279 35.816 2.1203 62.8 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 14.5881
4/8/2016 10:40 64.9 18.279 35.741 2.0785 62.8 0.06675 6.172540994 0.945979084 0.06532 10.2666 50.4798 14.5629
4/8/2016 10:41 64.9 18.279 35.816 2.1203 62.8 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 14.5881
4/8/2016 10:42 64.9 18.279 35.816 2.1203 62.8 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 14.5881
4/8/2016 10:43 64.9 18.279 35.816 2.1203 62.8 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 14.5881
4/8/2016 10:44 64.9 18.279 35.741 2.0785 62.7 0.06675 6.172540994 0.945979084 0.06532 10.2666 50.4798 15.2564
4/8/2016 10:45 64.9 18.279 35.816 2.1203 62.7 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 15.2827
4/8/2016 10:46 65.2 18.446 36.158 2.31 62.7 0.06675 6.364083542 0.958563668 0.06609 10.4182 50.75277 17.3044
4/8/2016 10:47 65.2 18.446 36.232 2.3516 62.7 0.06675 6.3918307 0.960398891 0.0662 10.4321 50.77779 17.3344
4/8/2016 10:48 65.2 18.446 36.007 2.2264 62.8 0.06675 6.308415628 0.954891072 0.06586 10.3904 50.702706 16.5548
4/8/2016 10:49 65.2 18.446 36.158 2.31 62.8 0.06675 6.364083542 0.958563668 0.06609 10.4182 50.75277 16.6122
4/8/2016 10:50 65.2 18.446 36.083 2.2683 62.8 0.06675 6.336278621 0.95672773 0.06597 10.4043 50.727742 16.5835
4/8/2016 10:51 65.2 18.446 35.856 2.1425 62.8 0.06675 6.252514183 0.951215575 0.06564 10.3626 50.652611 16.4978
4/8/2016 10:52 65.2 18.446 36.007 2.2264 62.8 0.06675 6.308415628 0.954891072 0.06586 10.3904 50.702706 16.5548
4/8/2016 10:53 65.2 18.446 36.083 2.2683 62.8 0.06675 6.336278621 0.95672773 0.06597 10.4043 50.727742 16.5835
4/8/2016 11:09 65.2 18.446 33.236 0.687 64.3 0.06675 5.294025634 0.890108796 0.0619 9.90106 49.821911 5.85248
4/8/2016 11:10 65.2 18.446 34.057 1.1427 64.4 0.06675 5.59201098 0.908723824 0.06304 10.0413 50.07441 5.28905
4/8/2016 11:11 64.9 18.279 34.193 1.2185 64.4 0.06675 5.603909988 0.909474235 0.06309 9.98933 49.980798 3.35139
4/8/2016 11:12 64.9 18.279 34.431 1.3506 64.3 0.06675 5.690795166 0.914970257 0.06342 10.031 50.055826 4.04199
4/8/2016 11:13 64.9 18.279 34.978 1.6545 64.1 0.06675 5.891303932 0.92776575 0.06421 10.1281 50.230654 5.45355
4/8/2016 11:14 64.9 18.279 34.978 1.6545 64 0.06675 5.891303932 0.92776575 0.06421 10.1281 50.230654 6.13524
4/8/2016 11:15 64.9 18.279 35.438 1.9103 63.8 0.06675 6.060763544 0.938702757 0.06487 10.2112 50.38023 7.57588
4/8/2016 11:16 64.9 18.279 35.362 1.8679 63.7 0.06675 6.03267108 0.936881823 0.06476 10.1974 50.355319 8.25044
4/8/2016 11:17 64.9 18.279 35.666 2.0366 63.6 0.06675 6.144684857 0.944161103 0.06521 10.2527 50.454919 8.9996
4/8/2016 11:18 64.9 18.279 35.741 2.0785 63.5 0.06675 6.172540994 0.945979084 0.06532 10.2666 50.4798 9.7086
4/8/2016 11:19 64.9 18.279 35.816 2.1203 63.4 0.06675 6.200338838 0.947796341 0.06543 10.2804 50.504674 10.42
4/8/2016 11:20 64.9 18.279 35.966 2.2035 63.3 0.06675 6.255760882 0.951428702 0.06565 10.308 50.554399 11.1532
4/8/2016 11:21 64.9 18.279 36.115 2.2863 63.3 0.06675 6.310953437 0.955058229 0.06587 10.3356 50.604093 11.192




4/8/2016  11:23:00 A64.9 18.279 36.041 2.245 63.1 0.06675 6.283385694 0.953243817 0.06576 10.3218 50.57925 12.5692
4/8/2016 11:24 64.9 18.279 36.115 2.2863 63.1 0.06675 6.310953437 0.955058229 0.06587 10.3356 50.604093 12.591
4/8/2016 11:25 65.2 18.446 36.307 2.393 63.1 0.06675 6.419520398 0.962233405 0.06631 10.446 50.802802 14.5862
4/8/2016 11:26 64.9 18.279 36.263 2.3686 63 0.06675 6.365918911 0.958684965 0.06609 10.3632 50.653756 13.3368
4/8/2016 11:27 65.2 18.446 36.382 2.4344 63 0.06675 6.447152939 0.964067215 0.06642 10.4599 50.827807 15.3073
4/8/2016 11:28 64.9 18.279 36.041 2.245 63 0.06675 6.283385694 0.953243817 0.06576 10.3218 50.57925 13.2675
4/8/2016 11:29 64.9 18.279 36.189 2.3275 62.9 0.06675 6.338464411 0.956871944 0.06598 10.3494 50.628929 14.0144
4/8/2016 11:30 64.9 18.279 36.115 2.2863 62.9 0.06675 6.310953437 0.955058229 0.06587 10.3356 50.604093 13.99
4/8/2016 11:31 64.9 18.279 36.263 2.3686 62.9 0.06675 6.365918911 0.958684965 0.06609 10.3632 50.653756 14.0388
4/8/2016 11:32 64.9 18.279 36.189 2.3275 62.9 0.06675 6.338464411 0.956871944 0.06598 10.3494 50.628929 14.0144
4/8/2016 11:33 65.2 18.446 36.53 2.5168 62.9 0.06675 6.502247749 0.967732744 0.06664 10.4877 50.877792 16.059
4/8/2016 11:34 64.9 18.279 36.189 2.3275 62.9 0.06675 6.338464411 0.956871944 0.06598 10.3494 50.628929 14.0144
4/8/2016 11:35 64.9 18.279 36.189 2.3275 62.9 0.06675 6.338464411 0.956871944 0.06598 10.3494 50.628929 14.0144
4/8/2016 11:36 64.9 18.279 36.263 2.3686 62.8 0.06675 6.365918911 0.958684965 0.06609 10.3632 50.653756 14.7407
4/8/2016 11:37 64.9 18.279 36.041 2.245 62.8 0.06675 6.283385694 0.953243817 0.06576 10.3218 50.57925 14.664
4/8/2016 11:38 64.9 18.279 36.263 2.3686 62.8 0.06675 6.365918911 0.958684965 0.06609 10.3632 50.653756 14.7407
4/8/2016 11:39 64.9 18.279 36.041 2.245 62.8 0.06675 6.283385694 0.953243817 0.06576 10.3218 50.57925 14.664
4/8/2016 11:40 65.2 18.446 36.678 2.5988 62.8 0.06675 6.557117497 0.97139552 0.06687 10.5154 50.927745 16.8158
4/8/2016 11:41 65.2 18.446 36.604 2.5579 62.8 0.06675 6.529710609 0.969564473 0.06675 10.5015 50.902772 16.7865
4/8/2016 11:42 65.2 18.446 36.382 2.4344 62.8 0.06675 6.447152939 0.964067215 0.06642 10.4599 50.827807 16.6989
4/8/2016 11:43 65.2 18.446 36.456 2.4757 62.8 0.06675 6.474728624 0.965900326 0.06653 10.4738 50.852803 16.728
4/8/2016 11:44 65.2 18.446 36.678 2.5988 62.7 0.06675 6.557117497 0.97139552 0.06687 10.5154 50.927745 17.5165
4/8/2016 11:45 65.2 18.446 36.53 2.5168 62.8 0.06675 6.502247749 0.967732744 0.06664 10.4877 50.877792 16.7572
4/8/2016 11:46 65.2 18.446 36.382 2.4344 62.8 0.06675 6.447152939 0.964067215 0.06642 10.4599 50.827807 16.6989
4/8/2016 11:47 65.2 18.446 36.53 2.5168 62.8 0.06675 6.502247749 0.967732744 0.06664 10.4877 50.877792 16.7572
4/8/2016 11:48 65.4 18.557 36.559 2.5331 62.8 0.06675 6.537925125 0.970112963 0.06679 10.5427 50.976898 18.0266
4/8/2016 11:49 65.4 18.557 36.634 2.5744 62.8 0.06675 6.56554406 0.971959109 0.0669 10.5567 51.002002 18.0581
4/8/2016 11:50 65.4 18.557 36.559 2.5331 62.8 0.06675 6.537925125 0.970112963 0.06679 10.5427 50.976898 18.0266
4/8/2016 11:51 65.4 18.557 36.559 2.5331 62.8 0.06675 6.537925125 0.970112963 0.06679 10.5427 50.976898 18.0266
4/8/2016 11:52 65.4 18.557 36.559 2.5331 62.8 0.06675 6.537925125 0.970112963 0.06679 10.5427 50.976898 18.0266
4/8/2016 11:53 65.2 18.446 36.604 2.5579 62.8 0.06675 6.529710609 0.969564473 0.06675 10.5015 50.902772 16.7865
4/8/2016 12:09 64.9 18.279 33.873 1.0406 64.4 0.06675 5.487149994 0.902134368 0.06264 9.93371 49.880669 3.32904
4/8/2016 12:10 64.9 18.279 34.667 1.4815 64.5 0.06675 5.777104366 0.920458861 0.06376 10.0727 50.130794 2.70834
4/8/2016 12:11 65.2 18.446 35.551 1.9732 64.4 0.06675 6.140000604 0.943855697 0.06519 10.3068 50.552329 5.46162
4/8/2016 12:12 64.9 18.279 35.438 1.9103 64.3 0.06675 6.060763544 0.938702757 0.06487 10.2112 50.38023 4.1323
4/8/2016 12:13 64.9 18.279 35.741 2.0785 64.2 0.06675 6.172540994 0.945979084 0.06532 10.2666 50.4798 4.8543
4/8/2016 12:14 64.9 18.279 36.041 2.245 64 0.06675 6.283385694 0.953243817 0.06576 10.3218 50.57925 6.28459
4/8/2016 12:15 64.9 18.279 36.411 2.4505 63.9 0.06675 6.420659672 0.962308951 0.06631 10.3908 50.703388 7.04393
4/8/2016 12:16 64.9 18.279 36.337 2.4096 63.7 0.06675 6.393317234 0.960497299 0.0662 10.377 50.678576 8.43797
4/8/2016 12:17 64.9 18.279 36.337 2.4096 63.6 0.06675 6.393317234 0.960497299 0.0662 10.377 50.678576 9.14114
4/8/2016 12:18 65.2 18.446 36.824 2.6804 63.6 0.06675 6.611764514 0.975055584 0.06709 10.5431 50.977665 11.2499
4/8/2016 12:19 65.2 18.446 36.824 2.6804 63.5 0.06675 6.611764514 0.975055584 0.06709 10.5431 50.977665 11.953
4/8/2016 12:20 65.2 18.446 36.897 2.721 63.4 0.06675 6.639005215 0.976884611 0.0672 10.557 51.002613 12.6784
4/8/2016 12:21 65.2 18.446 37.043 2.8019 63.4 0.06675 6.69332242 0.980540682 0.06742 10.5847 51.052484 12.7231
4/8/2016 12:22 65.2 18.446 36.97 2.7615 63.3 0.06675 6.666191091 0.978712976 0.06731 10.5709 51.027553 13.4063
4/8/2016 12:23 65.4 18.557 37.294 2.9412 63.3 0.06675 6.811601563 0.988543816 0.06791 10.682 51.22757 14.8175
4/8/2016 12:24 65.4 18.557 37.148 2.8604 63.2 0.06675 6.757307654 0.984862992 0.06768 10.6542 51.177502 15.4684
4/8/2016 12:25 65.4 18.557 37.221 2.9009 63.2 0.06675 6.784481771 0.986703731 0.06779 10.6681 51.20254 15.4957
4/8/2016 12:26 65.6 18.668 37.253 2.9188 63.2 0.06675 6.821131514 0.989191144 0.06795 10.7235 51.302259 16.7859
4/8/2016 12:27 65.4 18.557 37.294 2.9412 63.2 0.06675 6.811601563 0.988543816 0.06791 10.682 51.22757 15.5231
4/8/2016 12:28 65.4 18.557 37.148 2.8604 63.2 0.06675 6.757307654 0.984862992 0.06768 10.6542 51.177502 15.4684
4/8/2016 12:29 65.4 18.557 37.148 2.8604 63.1 0.06675 6.757307654 0.984862992 0.06768 10.6542 51.177502 16.1716
4/8/2016 12:30 65.4 18.557 37.221 2.9009 63.1 0.06675 6.784481771 0.986703731 0.06779 10.6681 51.20254 16.2001
4/8/2016 12:31 65.2 18.446 37.188 2.8824 63.1 0.06675 6.747422553 0.984194141 0.06764 10.6124 51.102322 14.8961
4/8/2016 12:32 65.2 18.446 37.26 2.9225 63.1 0.06675 6.774391905 0.986019903 0.06775 10.6262 51.127229 14.9224
4/8/2016 12:33 65.2 18.446 37.26 2.9225 63.1 0.06675 6.774391905 0.986019903 0.06775 10.6262 51.127229 14.9224
4/8/2016 12:34 65.2 18.446 37.26 2.9225 63 0.06675 6.774391905 0.986019903 0.06775 10.6262 51.127229 15.633
4/8/2016 12:35 65.2 18.446 37.332 2.9625 63 0.06675 6.801307812 0.987845026 0.06786 10.6401 51.152127 15.6607
4/8/2016 12:36 65.2 18.446 37.26 2.9225 63 0.06675 6.774391905 0.986019903 0.06775 10.6262 51.127229 15.633
4/8/2016 12:37 65.2 18.446 37.404 3.0024 63 0.06675 6.828170542 0.989669515 0.06797 10.6539 51.177017 15.6885
4/8/2016 12:38 65.2 18.446 37.404 3.0024 63 0.06675 6.828170542 0.989669515 0.06797 10.6539 51.177017 15.6885
4/8/2016 12:39 65.2 18.446 37.547 3.0819 63 0.06675 6.881737538 0.99331661 0.0682 10.6815 51.226771 15.7444
4/8/2016 12:40 65.2 18.446 37.831 3.2397 63 0.06675 6.988245026 1.000603397 0.06864 10.7368 51.326177 15.8572
4/8/2016 12:41 65.2 18.446 37.618 3.1215 62.9 0.06675 6.908442333 0.995139225 0.06831 10.6954 51.251635 16.4894
4/8/2016 12:42 65.2 18.446 37.618 3.1215 62.9 0.06675 6.908442333 0.995139225 0.06831 10.6954 51.251635 16.4894
4/8/2016 12:43 64.9 18.279 37.492 3.0516 62.9 0.06675 6.824281466 0.989405189 0.06796 10.597 51.074597 14.4661
4/8/2016 12:44 64.9 18.279 37.422 3.0122 62.9 0.06675 6.797743833 0.987603187 0.06785 10.5833 51.049908 14.4403
4/8/2016 12:45 65.2 18.446 37.76 3.2004 62.9 0.06675 6.961695819 0.998782614 0.06853 10.723 51.301338 16.5484
4/8/2016 12:46 65.2 18.446 37.76 3.2004 62.9 0.06675 6.961695819 0.998782614 0.06853 10.723 51.301338 16.5484




4/8/2016 12:48 64.9 18.279 37.634 3.13 62.8 0.06675 6.87720242 0.993007378 0.06818 10.6244 51.123951 15.2438
4/8/2016 12:49 64.9 18.279 37.351 2.9727 62.8 0.06675 6.771154421 0.985800575 0.06774 10.5696 51.02521 15.1354
4/8/2016 12:50 64.9 18.279 37.634 3.13 62.8 0.06675 6.87720242 0.993007378 0.06818 10.6244 51.123951 15.2438
4/8/2016 12:51 65.2 18.446 37.689 3.161 62.8 0.06675 6.935095007 0.996961225 0.06842 10.7092 51.276491 17.237
4/8/2016 12:52 65.2 18.446 37.547 3.0819 62.8 0.06675 6.881737538 0.99331661 0.0682 10.6815 51.226771 17.1757
4/8/2016 12:53 65.2 18.446 37.76 3.2004 62.8 0.06675 6.961695819 0.998782614 0.06853 10.723 51.301338 17.2678
4/8/2016 13:09 65.4 18.557 35.187 1.7706 64.6 0.06675 6.030750848 0.936757469 0.06476 10.2909 50.523681 5.37767
4/8/2016 13:10 65.2 18.446 35.398 1.8878 64.6 0.06675 6.083383312 0.940171225 0.06496 10.279 50.502143 4.08223
4/8/2016 13:11 65.2 18.446 36.007 2.2264 64.6 0.06675 6.308415628 0.954891072 0.06586 10.3904 50.702706 4.1387
4/8/2016 13:12 65.2 18.446 36.382 2.4344 64.5 0.06675 6.447152939 0.964067215 0.06642 10.4599 50.827807 4.87052
4/8/2016 13:13 65.2 18.446 36.678 2.5988 64.4 0.06675 6.557117497 0.97139552 0.06687 10.5154 50.927745 5.60528
4/8/2016 13:14 65.2 18.446 36.751 2.6397 64.2 0.06675 6.584468702 0.973225888 0.06698 10.5293 50.952709 7.01888
4/8/2016 13:15 65.2 18.446 36.897 2.721 64.1 0.06675 6.639005215 0.976884611 0.0672 10.557 51.002613 7.7479
4/8/2016 13:16 64.9 18.279 36.993 2.774 64 0.06675 6.637421563 0.976778197 0.06719 10.5009 50.901595 6.4293
4/8/2016 13:17 65.2 18.446 37.404 3.0024 63.9 0.06675 6.828170542 0.989669515 0.06797 10.6539 51.177017 9.2705
4/8/2016 13:18 64.9 18.279 37.279 2.9332 63.8 0.06675 6.744512973 0.983997348 0.06763 10.5558 51.000503 7.91396
4/8/2016 13:19 64.9 18.279 37.422 3.0122 63.7 0.06675 6.797743833 0.987603187 0.06785 10.5833 51.049908 8.6642
4/8/2016 13:20 64.9 18.279 37.208 2.8935 63.6 0.06675 6.717819226 0.982193501 0.06752 10.5421 50.975789 9.33626
4/8/2016 13:21 64.9 18.279 37.492 3.0516 63.5 0.06675 6.824281466 0.989405189 0.06796 10.597 51.074597 10.1263
4/8/2016 13:22 64.9 18.279 37.422 3.0122 63.5 0.06675 6.797743833 0.987603187 0.06785 10.5833 51.049908 10.1082
4/8/2016 13:23 64.9 18.279 37.563 3.0908 63.4 0.06675 6.850767577 0.991206584 0.06807 10.6107 51.099278 10.869
4/8/2016 13:24 64.9 18.279 37.422 3.0122 63.4 0.06675 6.797743833 0.987603187 0.06785 10.5833 51.049908 10.8303
4/8/2016 13:25 64.9 18.279 37.563 3.0908 63.3 0.06675 6.850767577 0.991206584 0.06807 10.6107 51.099278 11.5936
4/8/2016 13:26 64.9 18.279 37.563 3.0908 63.3 0.06675 6.850767577 0.991206584 0.06807 10.6107 51.099278 11.5936
4/8/2016 13:27 65.2 18.446 37.689 3.161 63.3 0.06675 6.935095007 0.996961225 0.06842 10.7092 51.276491 13.646
4/8/2016 13:28 65.2 18.446 37.689 3.161 63.2 0.06675 6.935095007 0.996961225 0.06842 10.7092 51.276491 14.3642
4/8/2016 13:29 65.2 18.446 37.689 3.161 63.2 0.06675 6.935095007 0.996961225 0.06842 10.7092 51.276491 14.3642
4/8/2016 13:30 65.2 18.446 37.689 3.161 63.2 0.06675 6.935095007 0.996961225 0.06842 10.7092 51.276491 14.3642
4/8/2016 13:31 65.2 18.446 37.689 3.161 63.2 0.06675 6.935095007 0.996961225 0.06842 10.7092 51.276491 14.3642
4/8/2016 13:32 64.9 18.279 37.634 3.13 63.1 0.06675 6.87720242 0.993007378 0.06818 10.6244 51.123951 13.0662
4/8/2016 13:33 65.2 18.446 37.76 3.2004 63.1 0.06675 6.961695819 0.998782614 0.06853 10.723 51.301338 15.1094
4/8/2016 13:34 65.2 18.446 37.689 3.161 63.1 0.06675 6.935095007 0.996961225 0.06842 10.7092 51.276491 15.0824
4/8/2016 13:35 64.9 18.279 37.422 3.0122 63.1 0.06675 6.797743833 0.987603187 0.06785 10.5833 51.049908 12.9963
4/8/2016 13:36 65.2 18.446 37.76 3.2004 63 0.06675 6.961695819 0.998782614 0.06853 10.723 51.301338 15.8289
4/8/2016 13:37 65.2 18.446 37.689 3.161 63 0.06675 6.935095007 0.996961225 0.06842 10.7092 51.276491 15.8006
4/8/2016 13:38 65.2 18.446 37.404 3.0024 63 0.06675 6.828170542 0.989669515 0.06797 10.6539 51.177017 15.6885
4/8/2016 13:39 65.2 18.446 37.547 3.0819 63 0.06675 6.881737538 0.99331661 0.0682 10.6815 51.226771 15.7444
4/8/2016 13:40 65.2 18.446 37.76 3.2004 63 0.06675 6.961695819 0.998782614 0.06853 10.723 51.301338 15.8289
4/8/2016 13:41 65.2 18.446 37.76 3.2004 63 0.06675 6.961695819 0.998782614 0.06853 10.723 51.301338 15.8289
4/8/2016 13:42 65.2 18.446 37.972 3.318 62.9 0.06675 7.041189642 1.004243161 0.06886 10.7643 51.375828 16.6375
4/8/2016 13:43 65.2 18.446 37.831 3.2397 63 0.06675 6.988245026 1.000603397 0.06864 10.7368 51.326177 15.8572
4/8/2016 13:44 65.2 18.446 38.112 3.3959 62.9 0.06675 7.093930868 1.007880554 0.06908 10.7919 51.425445 16.6975
4/8/2016 13:45 65.2 18.446 38.042 3.357 62.9 0.06675 7.067585554 1.006062152 0.06897 10.7781 51.400641 16.6674
4/8/2016 13:46 64.9 18.279 37.844 3.2469 62.9 0.06675 6.95620186 0.998406196 0.0685 10.6655 51.197918 14.5963
4/8/2016 13:47 65.2 18.446 38.042 3.357 62.9 0.06675 7.067585554 1.006062152 0.06897 10.7781 51.400641 16.6674
4/8/2016 13:48 65.2 18.446 38.182 3.4348 62.9 0.06675 7.120225831 1.009698372 0.06919 10.8057 51.45024 16.7276
4/8/2016 13:49 65.2 18.446 38.112 3.3959 62.9 0.06675 7.093930868 1.007880554 0.06908 10.7919 51.425445 16.6975
4/8/2016 13:50 65.2 18.446 38.042 3.357 62.9 0.06675 7.067585554 1.006062152 0.06897 10.7781 51.400641 16.6674
4/8/2016 13:51 65.2 18.446 38.112 3.3959 62.9 0.06675 7.093930868 1.007880554 0.06908 10.7919 51.425445 16.6975
4/8/2016 13:52 65.2 18.446 38.182 3.4348 62.9 0.06675 7.120225831 1.009698372 0.06919 10.8057 51.45024 16.7276
4/8/2016 13:53 65.4 18.557 38.361 3.5341 62.9 0.06675 7.212062104 1.016069894 0.06957 10.89 51.601984 18.1185
4/8/2016 14:09 64.9 18.279 35.438 1.9103 64.7 0.06675 6.060763544 0.938702757 0.06487 10.2112 50.38023 1.37743
4/8/2016 14:10 65.2 18.446 36.382 2.4344 64.7 0.06675 6.447152939 0.964067215 0.06642 10.4599 50.827807 3.47894
4/8/2016 14:11 64.9 18.279 36.411 2.4505 64.7 0.06675 6.420659672 0.962308951 0.06631 10.3908 50.703388 1.40879
4/8/2016 14:12 64.9 18.279 36.776 2.6535 64.6 0.06675 6.556543631 0.971357149 0.06686 10.4596 50.827328 2.13179
4/8/2016 14:13 65.2 18.446 37.547 3.0819 64.4 0.06675 6.881737538 0.99331661 0.0682 10.6815 51.226771 5.72523
4/8/2016 14:14 65.2 18.446 37.332 2.9625 64.3 0.06675 6.801307812 0.987845026 0.06786 10.6401 51.152127 6.40666
4/8/2016 14:15 65.2 18.446 37.618 3.1215 64.2 0.06675 6.908442333 0.995139225 0.06831 10.6954 51.251635 7.1693
4/8/2016 14:16 65.2 18.446 37.76 3.2004 64 0.06675 6.961695819 0.998782614 0.06853 10.723 51.301338 8.63392
4/8/2016 14:17 64.9 18.279 37.704 3.1691 63.9 0.06675 6.903586248 0.994807575 0.06829 10.6381 51.148615 7.272
4/8/2016 14:18 64.9 18.279 37.774 3.208 63.8 0.06675 6.929919312 0.99660718 0.06839 10.6518 51.173271 8.01356
4/8/2016 14:19 65.2 18.446 37.972 3.318 63.7 0.06675 7.041189642 1.004243161 0.06886 10.7643 51.375828 10.8506
4/8/2016 14:20 64.9 18.279 38.191 3.4398 63.6 0.06675 7.086865424 1.0073926 0.06905 10.7339 51.321026 9.57362
4/8/2016 14:21 64.7 18.168 38.012 3.3403 63.6 0.06675 6.994812933 1.001054285 0.06866 10.6493 51.168777 8.12935
4/8/2016 14:22 64.9 18.279 38.329 3.5163 63.5 0.06675 7.138785723 1.010983191 0.06926 10.7612 51.370208 10.3475
4/8/2016 14:23 64.9 18.279 38.466 3.5925 63.5 0.06675 7.190511636 1.014571564 0.06948 10.7885 51.419356 10.3853
4/8/2016 14:24 64.9 18.279 38.398 3.5545 63.4 0.06675 7.164672861 1.012777653 0.06937 10.7749 51.394786 11.1068
4/8/2016 14:25 64.9 18.279 38.398 3.5545 63.3 0.06675 7.164672861 1.012777653 0.06937 10.7749 51.394786 11.8473
4/8/2016 14:26 64.7 18.168 38.218 3.4549 63.3 0.06675 7.072496273 1.006400879 0.06899 10.6901 51.242228 10.4029




4/8/2016 14:28 64.9 18.279 38.534 3.6304 63.2 0.06675 7.216302276 1.016364928 0.06959 10.8022 51.443916 12.6337
4/8/2016 14:29 64.9 18.279 38.329 3.5163 63.1 0.06675 7.138785723 1.010983191 0.06926 10.7612 51.370208 13.304
4/8/2016 14:30 64.9 18.279 38.398 3.5545 63.1 0.06675 7.164672861 1.012777653 0.06937 10.7749 51.394786 13.3282
4/8/2016 14:31 64.9 18.279 38.466 3.5925 63.1 0.06675 7.190511636 1.014571564 0.06948 10.7885 51.419356 13.3525
4/8/2016 14:32 65.2 18.446 38.598 3.6657 63.1 0.06675 7.27695181 1.020593249 0.06985 10.8882 51.598826 15.4398
4/8/2016 14:33 65.2 18.446 38.529 3.6274 63.1 0.06675 7.250953879 1.018778847 0.06974 10.8745 51.574084 15.4118
4/8/2016 14:34 65.2 18.446 38.529 3.6274 63 0.06675 7.250953879 1.018778847 0.06974 10.8745 51.574084 16.1457
4/8/2016 14:35 64.9 18.279 38.329 3.5163 63 0.06675 7.138785723 1.010983191 0.06926 10.7612 51.370208 14.0431
4/8/2016 14:36 64.9 18.279 38.329 3.5163 63 0.06675 7.138785723 1.010983191 0.06926 10.7612 51.370208 14.0431
4/8/2016 14:37 65.2 18.446 38.598 3.6657 63 0.06675 7.27695181 1.020593249 0.06985 10.8882 51.598826 16.1751
4/8/2016 14:38 64.9 18.279 38.329 3.5163 63 0.06675 7.138785723 1.010983191 0.06926 10.7612 51.370208 14.0431
4/8/2016 14:39 64.9 18.279 38.191 3.4398 63 0.06675 7.086865424 1.0073926 0.06905 10.7339 51.321026 13.9922
4/8/2016 14:40 64.9 18.279 38.122 3.4014 63 0.06675 7.060831795 1.005596462 0.06894 10.7202 51.296422 13.9669
4/8/2016 14:41 64.9 18.279 38.329 3.5163 63 0.06675 7.138785723 1.010983191 0.06926 10.7612 51.370208 14.0431
4/8/2016 14:42 65.2 18.446 38.391 3.5506 63 0.06675 7.19881105 1.015148363 0.06952 10.847 51.524573 16.0872
4/8/2016 14:43 65.2 18.446 38.321 3.5121 63 0.06675 7.17266568 1.013332272 0.06941 10.8332 51.499804 16.0582
4/8/2016 14:44 64.9 18.279 38.191 3.4398 63 0.06675 7.086865424 1.0073926 0.06905 10.7339 51.321026 13.9922
4/8/2016 14:45 64.9 18.279 38.053 3.3629 63 0.06675 7.034748864 1.003799756 0.06883 10.7066 51.271809 13.9417
4/8/2016 14:46 64.9 18.279 38.26 3.4781 63 0.06675 7.112849988 1.009188175 0.06916 10.7476 51.345621 14.0176
4/8/2016 14:47 64.9 18.279 38.122 3.4014 63 0.06675 7.060831795 1.005596462 0.06894 10.7202 51.296422 13.9669
4/8/2016 14:48 64.9 18.279 38.191 3.4398 63 0.06675 7.086865424 1.0073926 0.06905 10.7339 51.321026 13.9922
4/8/2016 14:49 64.9 18.279 38.053 3.3629 62.9 0.06675 7.034748864 1.003799756 0.06883 10.7066 51.271809 14.6755
4/8/2016 14:50 64.9 18.279 38.122 3.4014 62.9 0.06675 7.060831795 1.005596462 0.06894 10.7202 51.296422 14.702
4/8/2016 14:51 64.9 18.279 38.122 3.4014 62.9 0.06675 7.060831795 1.005596462 0.06894 10.7202 51.296422 14.702
4/8/2016 14:52 64.9 18.279 38.191 3.4398 62.9 0.06675 7.086865424 1.0073926 0.06905 10.7339 51.321026 14.7287
4/8/2016 14:53 65.2 18.446 38.391 3.5506 62.9 0.06675 7.19881105 1.015148363 0.06952 10.847 51.524573 16.8185
4/8/2016 15:09 65.2 18.446 35.243 1.802 64.6 0.06675 6.026522171 0.936483671 0.06474 10.2511 50.451928 4.06833
4/8/2016 15:10 65.2 18.446 35.932 2.1845 64.7 0.06675 6.280494252 0.953053689 0.06575 10.3765 50.677662 3.44297
4/8/2016 15:11 64.9 18.279 36.484 2.4913 64.7 0.06675 6.447946513 0.964119925 0.06642 10.4046 50.728192 1.41125
4/8/2016 15:12 64.9 18.279 36.484 2.4913 64.6 0.06675 6.447946513 0.964119925 0.06642 10.4046 50.728192 2.11688
4/8/2016 15:13 65.2 18.446 36.751 2.6397 64.4 0.06675 6.584468702 0.973225888 0.06698 10.5293 50.952709 5.6151
4/8/2016 15:14 65.2 18.446 37.26 2.9225 64.3 0.06675 6.774391905 0.986019903 0.06775 10.6262 51.127229 6.39533
4/8/2016 15:15 64.9 18.279 37.351 2.9727 64.2 0.06675 6.771154421 0.985800575 0.06774 10.5696 51.02521 5.04512
4/8/2016 15:16 64.9 18.279 37.279 2.9332 64.1 0.06675 6.744512973 0.983997348 0.06763 10.5558 51.000503 5.7556
4/8/2016 15:17 64.9 18.279 37.351 2.9727 64 0.06675 6.771154421 0.985800575 0.06774 10.5696 51.02521 6.48658
4/8/2016 15:18 64.9 18.279 37.422 3.0122 63.9 0.06675 6.797743833 0.987603187 0.06785 10.5833 51.049908 7.22017
4/8/2016 15:19 65.2 18.446 37.76 3.2004 63.8 0.06675 6.961695819 0.998782614 0.06853 10.723 51.301338 10.0729
4/8/2016 15:20 64.7 18.168 37.314 2.9523 63.7 0.06675 6.732646137 0.983195078 0.06758 10.513 50.92339 7.25868
4/8/2016 15:21 64.9 18.279 37.634 3.13 63.7 0.06675 6.87720242 0.993007378 0.06818 10.6244 51.123951 8.71077
4/8/2016 15:22 64.9 18.279 37.422 3.0122 63.6 0.06675 6.797743833 0.987603187 0.06785 10.5833 51.049908 9.38622
4/8/2016 15:23 65.2 18.446 38.042 3.357 63.6 0.06675 7.067585554 1.006062152 0.06897 10.7781 51.400641 11.5947
4/8/2016 15:24 65.2 18.446 37.831 3.2397 63.5 0.06675 6.988245026 1.000603397 0.06864 10.7368 51.326177 12.2533
4/8/2016 15:25 64.9 18.279 37.774 3.208 63.5 0.06675 6.929919312 0.99660718 0.06839 10.6518 51.173271 10.1991
4/8/2016 15:26 65.2 18.446 38.042 3.357 63.5 0.06675 7.067585554 1.006062152 0.06897 10.7781 51.400641 12.3194
4/8/2016 15:27 65.2 18.446 37.972 3.318 63.4 0.06675 7.041189642 1.004243161 0.06886 10.7643 51.375828 13.0207
4/8/2016 15:28 65.2 18.446 37.972 3.318 63.4 0.06675 7.041189642 1.004243161 0.06886 10.7643 51.375828 13.0207
4/8/2016 15:29 64.9 18.279 37.492 3.0516 63.4 0.06675 6.824281466 0.989405189 0.06796 10.597 51.074597 10.8496
4/8/2016 15:30 64.9 18.279 37.634 3.13 63.4 0.06675 6.87720242 0.993007378 0.06818 10.6244 51.123951 10.8885
4/8/2016 15:31 64.9 18.279 37.704 3.1691 63.3 0.06675 6.903586248 0.994807575 0.06829 10.6381 51.148615 11.6352
4/8/2016 15:32 64.9 18.279 37.914 3.2857 63.3 0.06675 6.982434139 1.000204628 0.06861 10.6792 51.222557 11.6981
4/8/2016 15:33 65.2 18.446 38.182 3.4348 63.3 0.06675 7.120225831 1.009698372 0.06919 10.8057 51.45024 13.8184
4/8/2016 15:34 64.9 18.279 37.634 3.13 63.3 0.06675 6.87720242 0.993007378 0.06818 10.6244 51.123951 11.6144
4/8/2016 15:35 64.9 18.279 37.563 3.0908 63.3 0.06675 6.850767577 0.991206584 0.06807 10.6107 51.099278 11.5936
4/8/2016 15:36 64.9 18.279 37.704 3.1691 63.3 0.06675 6.903586248 0.994807575 0.06829 10.6381 51.148615 11.6352
4/8/2016 15:37 64.9 18.279 37.492 3.0516 63.3 0.06675 6.824281466 0.989405189 0.06796 10.597 51.074597 11.5729
4/8/2016 15:38 64.9 18.279 37.844 3.2469 63.2 0.06675 6.95620186 0.998406196 0.0685 10.6655 51.197918 12.4069
4/8/2016 15:39 65.2 18.446 38.042 3.357 63.2 0.06675 7.067585554 1.006062152 0.06897 10.7781 51.400641 14.4934
4/8/2016 15:40 64.9 18.279 37.704 3.1691 63.2 0.06675 6.903586248 0.994807575 0.06829 10.6381 51.148615 12.3624
4/8/2016 15:41 64.9 18.279 37.704 3.1691 63.2 0.06675 6.903586248 0.994807575 0.06829 10.6381 51.148615 12.3624
4/8/2016 15:42 64.9 18.279 37.704 3.1691 63.2 0.06675 6.903586248 0.994807575 0.06829 10.6381 51.148615 12.3624
4/8/2016 15:43 64.9 18.279 37.136 2.8538 63.2 0.06675 6.691072919 0.98038903 0.06741 10.5284 50.951066 12.1873
4/8/2016 15:44 64.9 18.279 37.704 3.1691 63.2 0.06675 6.903586248 0.994807575 0.06829 10.6381 51.148615 12.3624
4/8/2016 15:45 64.9 18.279 37.492 3.0516 63.2 0.06675 6.824281466 0.989405189 0.06796 10.597 51.074597 12.2962
4/8/2016 15:46 64.9 18.279 37.351 2.9727 63.2 0.06675 6.771154421 0.985800575 0.06774 10.5696 51.02521 12.2524
4/8/2016 15:47 64.9 18.279 37.422 3.0122 63.1 0.06675 6.797743833 0.987603187 0.06785 10.5833 51.049908 12.9963
4/8/2016 15:48 64.9 18.279 37.422 3.0122 63.1 0.06675 6.797743833 0.987603187 0.06785 10.5833 51.049908 12.9963
4/8/2016 15:49 65.2 18.446 37.689 3.161 63.1 0.06675 6.935095007 0.996961225 0.06842 10.7092 51.276491 15.0824
4/8/2016 15:50 65.2 18.446 37.618 3.1215 63.1 0.06675 6.908442333 0.995139225 0.06831 10.6954 51.251635 15.0555
4/8/2016 15:51 65.2 18.446 37.547 3.0819 63.1 0.06675 6.881737538 0.99331661 0.0682 10.6815 51.226771 15.0287




4/8/2016 15:53 65.2 18.446 37.547 3.0819 63.1 0.06675 6.881737538 0.99331661 0.0682 10.6815 51.226771 15.0287
4/8/2016 16:09 65.2 18.446 34.458 1.3656 64.7 0.06675 5.738462753 0.917997966 0.06361 10.1113 50.20042 3.33343
4/8/2016 16:10 65.2 18.446 34.932 1.6289 64.8 0.06675 5.912057519 0.929099122 0.06429 10.1952 50.351409 2.69386
4/8/2016 16:11 65.2 18.446 35.628 2.0157 64.8 0.06675 6.168218636 0.945696791 0.0653 10.3208 50.577411 2.73549
4/8/2016 16:12 65.2 18.446 35.932 2.1845 64.6 0.06675 6.280494252 0.953053689 0.06575 10.3765 50.677662 4.13157
4/8/2016 16:13 64.9 18.279 36.041 2.245 64.5 0.06675 6.283385694 0.953243817 0.06576 10.3218 50.57925 2.79315
4/8/2016 16:14 64.9 18.279 35.891 2.162 64.4 0.06675 6.228078698 0.949612878 0.06554 10.2942 50.52954 3.47936
4/8/2016 16:15 64.9 18.279 36.189 2.3275 64.2 0.06675 6.338464411 0.956871944 0.06598 10.3494 50.628929 4.90503
4/8/2016 16:16 64.9 18.279 36.411 2.4505 64.1 0.06675 6.420659672 0.962308951 0.06631 10.3908 50.703388 5.63515
4/8/2016 16:17 64.9 18.279 36.411 2.4505 64 0.06675 6.420659672 0.962308951 0.06631 10.3908 50.703388 6.33954
4/8/2016 16:18 65.2 18.446 36.897 2.721 63.9 0.06675 6.639005215 0.976884611 0.0672 10.557 51.002613 9.15661
4/8/2016 16:19 64.9 18.279 36.63 2.5726 63.8 0.06675 6.502354555 0.967739862 0.06664 10.4321 50.777776 7.78914
4/8/2016 16:20 64.9 18.279 36.63 2.5726 63.8 0.06675 6.502354555 0.967739862 0.06664 10.4321 50.777776 7.78914
4/8/2016 16:21 65.2 18.446 37.043 2.8019 63.7 0.06675 6.69332242 0.980540682 0.06742 10.5847 51.052484 10.6026
4/8/2016 16:22 64.9 18.279 36.557 2.532 63.6 0.06675 6.475178046 0.965930227 0.06653 10.4183 50.752988 9.18922
4/8/2016 16:23 65.2 18.446 36.751 2.6397 63.6 0.06675 6.584468702 0.973225888 0.06698 10.5293 50.952709 11.2302
4/8/2016 16:24 64.9 18.279 36.484 2.4913 63.6 0.06675 6.447946513 0.964119925 0.06642 10.4046 50.728192 9.17314
4/8/2016 16:25 64.9 18.279 36.484 2.4913 63.5 0.06675 6.447946513 0.964119925 0.06642 10.4046 50.728192 9.87877
4/8/2016 16:26 65.2 18.446 36.678 2.5988 63.5 0.06675 6.557117497 0.97139552 0.06687 10.5154 50.927745 11.9112
4/8/2016 16:27 64.9 18.279 36.63 2.5726 63.4 0.06675 6.502354555 0.967739862 0.06664 10.4321 50.777776 10.6216
4/8/2016 16:28 64.9 18.279 36.484 2.4913 63.4 0.06675 6.447946513 0.964119925 0.06642 10.4046 50.728192 10.5844
4/8/2016 16:29 65.2 18.446 36.751 2.6397 63.4 0.06675 6.584468702 0.973225888 0.06698 10.5293 50.952709 12.634
4/8/2016 16:30 64.9 18.279 36.189 2.3275 63.3 0.06675 6.338464411 0.956871944 0.06598 10.3494 50.628929 11.2115
4/8/2016 16:31 65.2 18.446 36.382 2.4344 63.3 0.06675 6.447152939 0.964067215 0.06642 10.4599 50.827807 13.22
4/8/2016 16:32 65.2 18.446 36.158 2.31 63.2 0.06675 6.364083542 0.958563668 0.06609 10.4182 50.75277 13.8435
4/8/2016 16:33 65.2 18.446 36.382 2.4344 63.2 0.06675 6.447152939 0.964067215 0.06642 10.4599 50.827807 13.9158
4/8/2016 16:34 65.2 18.446 36.382 2.4344 63.2 0.06675 6.447152939 0.964067215 0.06642 10.4599 50.827807 13.9158
4/8/2016 16:35 65.4 18.557 36.485 2.4917 63.1 0.06675 6.510249275 0.968266117 0.06668 10.5288 50.951786 15.9189
4/8/2016 16:36 65.2 18.446 36.083 2.2683 63.1 0.06675 6.336278621 0.95672773 0.06597 10.4043 50.727742 14.5105
4/8/2016 16:37 65.2 18.446 36.007 2.2264 63.1 0.06675 6.308415628 0.954891072 0.06586 10.3904 50.702706 14.4855
4/8/2016 16:38 65.2 18.446 36.007 2.2264 63.1 0.06675 6.308415628 0.954891072 0.06586 10.3904 50.702706 14.4855
4/8/2016 16:39 65.2 18.446 36.158 2.31 63 0.06675 6.364083542 0.958563668 0.06609 10.4182 50.75277 15.2278
4/8/2016 16:40 65.2 18.446 36.007 2.2264 63 0.06675 6.308415628 0.954891072 0.06586 10.3904 50.702706 15.1752
4/8/2016 16:41 65.2 18.446 35.932 2.1845 63 0.06675 6.280494252 0.953053689 0.06575 10.3765 50.677662 15.1491
4/8/2016 16:42 64.9 18.279 35.286 1.8255 63 0.06675 6.004518732 0.935060136 0.06465 10.1836 50.3304 13.0409
4/8/2016 16:43 65.2 18.446 35.856 2.1425 63 0.06675 6.252514183 0.951215575 0.06564 10.3626 50.652611 15.123
4/8/2016 16:44 65.2 18.446 35.704 2.058 63 0.06675 6.196376694 0.947537131 0.06541 10.3347 50.602485 15.0711
4/8/2016 16:45 65.2 18.446 35.321 1.8449 63 0.06675 6.05498339 0.938327837 0.06485 10.265 50.477039 14.9426
4/8/2016 16:46 65.2 18.446 35.475 1.9305 63 0.06675 6.111722273 0.942013844 0.06508 10.2929 50.52724 14.9938
4/8/2016 16:47 65.4 18.557 35.498 1.9433 62.9 0.06675 6.145143849 0.944191033 0.06521 10.347 50.62461 16.92
4/8/2016 16:48 65.4 18.557 35.42 1.9003 62.9 0.06675 6.116638485 0.942333823 0.0651 10.333 50.599389 16.8912
4/8/2016 16:49 65.4 18.557 35.265 1.8139 62.9 0.06675 6.059442327 0.938617047 0.06487 10.305 50.548924 16.8338
4/8/2016 16:50 65.4 18.557 35.03 1.6835 62.9 0.06675 5.973179352 0.933035901 0.06453 10.2629 50.473173 16.7484
4/8/2016 16:51 65.4 18.557 35.109 1.7271 63 0.06675 6.001996639 0.934897089 0.06464 10.2769 50.49843 16.1057
4/8/2016 16:52 65.4 18.557 35.03 1.6835 63 0.06675 5.973179352 0.933035901 0.06453 10.2629 50.473173 16.0784
4/8/2016 16:53 65.2 18.446 34.137 1.1875 63 0.06675 5.621433971 0.910580382 0.06316 10.0553 50.099625 14.5692
4/8/2016 17:09 65.2 18.446 29.687 -1.2849 64.6 0.06675 4.026162329 0.814616422 0.05724 9.33721 48.806978 3.66009
4/8/2016 17:10 65.2 18.446 30.157 -1.024 64.7 0.06675 4.191949863 0.82415478 0.05783 9.40786 48.934153 3.07393
4/8/2016 17:11 65.2 18.446 30.619 -0.7675 64.6 0.06675 4.355511149 0.833661639 0.05842 9.47848 49.061268 3.71776
4/8/2016 17:12 64.9 18.279 31.257 -0.4127 64.5 0.06675 4.54409936 0.844743342 0.0591 9.50088 49.10158 2.5319
4/8/2016 17:13 64.9 18.279 31.08 -0.5114 64.4 0.06675 4.480754958 0.841006708 0.05887 9.47287 49.05116 3.1548
4/8/2016 17:14 64.7 18.168 31.521 -0.266 64.2 0.06675 4.612693395 0.848806184 0.05936 9.49137 49.084465 3.20194
4/8/2016 17:15 64.7 18.168 32.039 0.0215 64.1 0.06675 4.798201949 0.859880515 0.06004 9.5749 49.234811 3.87968
4/8/2016 17:16 64.7 18.168 31.521 -0.266 63.9 0.06675 4.612693395 0.848806184 0.05936 9.49137 49.084465 5.1231
4/8/2016 17:17 64.7 18.168 32.039 0.0215 63.8 0.06675 4.798201949 0.859880515 0.06004 9.5749 49.234811 5.81952
4/8/2016 17:18 64.9 18.279 32.214 0.1189 63.7 0.06675 4.886847037 0.865217299 0.06037 9.65477 49.378592 7.73126
4/8/2016 17:19 64.9 18.279 32.384 0.2136 63.6 0.06675 4.948170134 0.868926294 0.0606 9.68272 49.428898 8.40276
4/8/2016 17:20 64.7 18.168 32.463 0.257 63.5 0.06675 4.95072506 0.869081128 0.06061 9.64443 49.35997 7.82267
4/8/2016 17:21 64.7 18.168 32.378 0.2102 63.4 0.06675 4.920367711 0.867242988 0.06049 9.63053 49.334948 8.46076
4/8/2016 17:22 64.7 18.168 32.124 0.0689 63.3 0.06675 4.828854752 0.861722636 0.06015 9.58881 49.259853 9.06727
4/8/2016 17:23 64.7 18.168 32.294 0.1633 63.3 0.06675 4.889937176 0.865403865 0.06038 9.61662 49.309922 9.09677
4/8/2016 17:24 64.7 18.168 32.124 0.0689 63.2 0.06675 4.828854752 0.861722636 0.06015 9.58881 49.259853 9.71493
4/8/2016 17:25 64.7 18.168 32.378 0.2102 63.2 0.06675 4.920367711 0.867242988 0.06049 9.63053 49.334948 9.76241
4/8/2016 17:26 64.7 18.168 32.463 0.257 63.1 0.06675 4.95072506 0.869081128 0.06061 9.64443 49.35997 10.4302
4/8/2016 17:27 64.5 18.057 31.863 -0.0759 63.1 0.06675 4.709529628 0.854571206 0.05971 9.49499 49.090977 9.08559
4/8/2016 17:28 64.7 18.168 32.124 0.0689 63.1 0.06675 4.828854752 0.861722636 0.06015 9.58881 49.259853 10.3626
4/8/2016 17:29 64.7 18.168 32.378 0.2102 63 0.06675 4.920367711 0.867242988 0.06049 9.63053 49.334948 11.0641
4/8/2016 17:30 64.7 18.168 31.953 -0.026 63 0.06675 4.767474137 0.858037378 0.05993 9.56098 49.209765 10.9747
4/8/2016 17:31 64.9 18.279 32.384 0.2136 62.9 0.06675 4.948170134 0.868926294 0.0606 9.68272 49.428898 12.9273





4/8/2016 17:33 65.2 18.446 32.391 0.2174 62.9 0.06675 4.988920785 0.87139877 0.06075 9.76046 49.568834 14.7142
4/8/2016 17:34 64.9 18.279 31.87 -0.0723 62.9 0.06675 4.76329616 0.857787042 0.05991 9.59885 49.277923 12.8024
4/8/2016 17:35 64.9 18.279 31.696 -0.1687 62.8 0.06675 4.701060781 0.854065648 0.05968 9.57087 49.22756 13.3993
4/8/2016 17:36 65.2 18.446 31.696 -0.169 62.8 0.06675 4.739410847 0.856357118 0.05982 9.64778 49.366007 15.1573
4/8/2016 17:37 64.9 18.279 31.696 -0.1687 62.8 0.06675 4.701060781 0.854065648 0.05968 9.57087 49.22756 13.3993
4/8/2016 17:38 64.9 18.279 31.257 -0.4127 62.8 0.06675 4.54409936 0.844743342 0.0591 9.50088 49.10158 13.2925
4/8/2016 17:39 64.7 18.168 31.347 -0.363 62.7 0.06675 4.550239298 0.845106311 0.05913 9.46351 49.034315 12.7668
4/8/2016 17:40 64.9 18.279 31.434 -0.3146 62.7 0.06675 4.607121804 0.848475534 0.05934 9.52888 49.151984 13.97
4/8/2016 17:41 64.9 18.279 31.522 -0.2659 62.7 0.06675 4.638513581 0.850339986 0.05945 9.54288 49.177181 13.9924
4/8/2016 17:42 64.7 18.168 31.434 -0.3144 62.6 0.06675 4.581505538 0.846956784 0.05924 9.47744 49.059392 13.4266
4/8/2016 17:43 64.9 18.279 31.609 -0.2172 62.6 0.06675 4.669826406 0.852203355 0.05957 9.55687 49.202373 14.6519
4/8/2016 17:44 64.7 18.168 31.259 -0.4118 62.6 0.06675 4.518894174 0.843254755 0.05901 9.44957 49.009234 13.3837
4/8/2016 17:45 64.7 18.168 31.259 -0.4118 62.6 0.06675 4.518894174 0.843254755 0.05901 9.44957 49.009234 13.3837
4/8/2016 17:46 64.7 18.168 31.521 -0.266 62.5 0.06675 4.612693395 0.848806184 0.05936 9.49137 49.084465 14.0885
4/8/2016 17:47 64.9 18.279 31.783 -0.1204 62.5 0.06675 4.732217201 0.855926874 0.0598 9.58486 49.252744 15.3382
4/8/2016 17:48 64.9 18.279 31.696 -0.1687 62.5 0.06675 4.701060781 0.854065648 0.05968 9.57087 49.22756 15.3135
4/8/2016 17:49 64.9 18.279 31.783 -0.1204 62.5 0.06675 4.732217201 0.855926874 0.0598 9.58486 49.252744 15.3382
4/8/2016 17:50 64.9 18.279 31.346 -0.3636 62.5 0.06675 4.575650567 0.846609989 0.05922 9.51488 49.126784 15.2157
4/8/2016 17:51 64.9 18.279 31.08 -0.5114 62.4 0.06675 4.480754958 0.841006708 0.05887 9.47287 49.05116 15.774
4/8/2016 17:52 64.7 18.168 30.637 -0.7575 62.4 0.06675 4.297226317 0.830262828 0.05821 9.35198 48.833562 14.496
4/8/2016 17:53 64.9 18.279 31.08 -0.5114 62.4 0.06675 4.480754958 0.841006708 0.05887 9.47287 49.05116 15.774
4/8/2016 18:09 64.7 18.168 26.57 -3.0168 64.1 0.06675 2.874311618 0.750996923 0.05327 8.76542 47.777764 3.54563
4/8/2016 18:10 64.7 18.168 27.393 -2.5594 64.2 0.06675 3.158856197 0.766289906 0.05423 8.87713 47.978835 2.99022
4/8/2016 18:11 64.7 18.168 27.696 -2.3914 64.2 0.06675 3.263795257 0.771999022 0.05458 8.91904 48.054269 3.00377
4/8/2016 18:12 64.7 18.168 28.68 -1.8448 64.1 0.06675 3.606993902 0.790933964 0.05576 9.05876 48.305761 3.65982
4/8/2016 18:13 64.7 18.168 28.776 -1.7912 63.9 0.06675 3.640774249 0.7928197 0.05588 9.07273 48.33091 4.88726
4/8/2016 18:14 64.9 18.279 29.427 -1.4296 63.7 0.06675 3.895443817 0.80716464 0.05678 9.22046 48.596822 7.36053
4/8/2016 18:15 64.9 18.279 29.616 -1.3248 63.6 0.06675 3.961885982 0.8109447 0.05701 9.24852 48.647342 7.99869
4/8/2016 18:16 64.9 18.279 29.896 -1.1689 63.5 0.06675 4.060869886 0.816605159 0.05736 9.29062 48.723109 8.65432
4/8/2016 18:17 65.2 18.446 30.25 -0.9723 63.4 0.06675 4.22483779 0.826058629 0.05795 9.42199 48.959581 11.0835
4/8/2016 18:18 65.2 18.446 30.25 -0.9723 63.3 0.06675 4.22483779 0.826058629 0.05795 9.42199 48.959581 11.6992
4/8/2016 18:19 64.9 18.279 29.989 -1.1173 63.2 0.06675 4.093685845 0.818489453 0.05748 9.30464 48.74836 10.5252
4/8/2016 18:20 65.2 18.446 30.527 -0.8184 63.1 0.06675 4.322973376 0.831762725 0.0583 9.46436 49.03585 12.9917
4/8/2016 18:21 65.2 18.446 30.619 -0.7675 63 0.06675 4.355511149 0.833661639 0.05842 9.47848 49.061268 13.6318
4/8/2016 18:22 64.9 18.279 30.357 -0.9126 63 0.06675 4.224072401 0.826014278 0.05795 9.36074 48.849341 11.8375
4/8/2016 18:23 64.9 18.279 30.174 -1.0146 62.9 0.06675 4.15905339 0.822254315 0.05771 9.3327 48.798855 12.4215
4/8/2016 18:24 65.2 18.446 30.982 -0.5653 62.8 0.06675 4.484807237 0.841245311 0.05889 9.53495 49.162905 14.9653
4/8/2016 18:25 64.9 18.279 30.721 -0.7107 62.8 0.06675 4.353083385 0.833519822 0.05841 9.41682 48.950276 13.1664
4/8/2016 18:26 64.9 18.279 30.99 -0.5609 62.7 0.06675 4.448960714 0.839136703 0.05876 9.45886 49.025944 13.8591
4/8/2016 18:27 64.9 18.279 30.54 -0.8113 62.7 0.06675 4.288747544 0.82976942 0.05818 9.38879 48.899814 13.7498
4/8/2016 18:28 64.9 18.279 30.99 -0.5609 62.6 0.06675 4.448960714 0.839136703 0.05876 9.45886 49.025944 14.4891
4/8/2016 18:29 64.7 18.168 30.905 -0.6084 62.6 0.06675 4.392714619 0.835837538 0.05855 9.39382 48.908871 13.2986
4/8/2016 18:30 64.9 18.279 31.08 -0.5114 62.6 0.06675 4.480754958 0.841006708 0.05887 9.47287 49.05116 14.5121
4/8/2016 18:31 64.7 18.168 30.546 -0.8076 62.5 0.06675 4.265231434 0.828402296 0.05809 9.33803 48.808452 13.8438
4/8/2016 18:32 64.7 18.168 30.456 -0.8578 62.5 0.06675 4.233152914 0.826540599 0.05798 9.32408 48.783339 13.822
4/8/2016 18:33 64.9 18.279 30.721 -0.7107 62.5 0.06675 4.353083385 0.833519822 0.05841 9.41682 48.950276 15.0473
4/8/2016 18:34 64.9 18.279 31.08 -0.5114 62.4 0.06675 4.480754958 0.841006708 0.05887 9.47287 49.05116 15.774


















4. Biowall Differential Pressure Profile Data 
The following tables contain the differential pressure data used for figure 5.5. Each of 
the columns contain the differential pressure across the BW on an hourly basis. One 
denotes the first hour. The hours continue till the next irrigation call. The columns only 
include times when the BW's fan was running. The final row, colored yellow, is the 
average differential pressure across the BW for that hour. Whenever the irrigation turned 
off the BW fan, it reduced the duty cycle for that hour. Hence, the blank gray columns. 
• 50 % duty cycle, 3/25/16, ten-hour irrigation interval 
 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
0.069 0.070 0.069 0.067 0.068 0.067 0.063 0.063 0.064 0.062 0.061 0.061 0.060 0.062 0.062 0.064 0.061 0.063 0.062 0.062
0.071 0.072 0.070 0.067 0.069 0.070 0.068 0.066 0.065 0.067 0.069 0.066 0.066 0.065 0.065 0.064 0.065 0.065 0.065 0.064
0.072 0.071 0.068 0.067 0.070 0.072 0.067 0.066 0.073 0.064 0.066 0.065 0.068 0.065 0.066 0.064 0.063 0.066 0.065 0.064
0.072 0.072 0.068 0.068 0.068 0.067 0.066 0.066 0.066 0.070 0.067 0.066 0.065 0.067 0.065 0.065 0.065 0.066 0.065 0.064
0.072 0.070 0.069 0.068 0.067 0.070 0.067 0.067 0.069 0.065 0.067 0.064 0.064 0.065 0.065 0.067 0.067 0.066 0.065 0.064
0.072 0.069 0.068 0.067 0.069 0.068 0.065 0.067 0.066 0.068 0.069 0.065 0.065 0.064 0.064 0.065 0.065 0.066 0.064 0.063
0.074 0.069 0.070 0.068 0.067 0.068 0.067 0.066 0.066 0.066 0.065 0.067 0.065 0.064 0.065 0.066 0.065 0.065 0.066 0.064
0.073 0.069 0.068 0.070 0.068 0.067 0.068 0.067 0.064 0.066 0.065 0.066 0.065 0.066 0.064 0.066 0.064 0.064 0.066 0.064
0.074 0.069 0.067 0.068 0.067 0.067 0.067 0.068 0.066 0.068 0.069 0.064 0.064 0.066 0.065 0.064 0.064 0.065 0.065 0.064
0.070 0.073 0.068 0.068 0.068 0.066 0.066 0.067 0.066 0.065 0.067 0.066 0.064 0.066 0.069 0.065 0.065 0.065 0.067 0.064
0.072 0.071 0.072 0.068 0.071 0.070 0.066 0.066 0.067 0.067 0.070 0.066 0.065 0.065 0.065 0.064 0.064 0.065 0.064 0.064
0.071 0.068 0.070 0.068 0.068 0.067 0.067 0.066 0.065 0.066 0.068 0.067 0.067 0.065 0.065 0.066 0.065 0.063 0.064 0.064
0.072 0.071 0.069 0.069 0.067 0.067 0.067 0.068 0.069 0.065 0.068 0.064 0.065 0.065 0.065 0.064 0.067 0.065 0.064
0.071 0.068 0.070 0.067 0.067 0.070 0.069 0.070 0.064 0.067 0.067 0.064 0.067 0.064 0.064 0.065 0.066 0.064 0.064
0.072 0.069 0.069 0.068 0.067 0.070 0.067 0.070 0.065 0.066 0.066 0.067 0.064 0.064 0.066 0.063 0.065 0.066 0.064
0.070 0.070 0.067 0.068 0.068 0.070 0.068 0.071 0.066 0.066 0.064 0.065 0.064 0.065 0.066 0.065 0.063 0.065 0.063
0.073 0.069 0.067 0.069 0.067 0.069 0.068 0.067 0.064 0.066 0.066 0.068 0.065 0.065 0.066 0.066 0.064 0.066 0.065
0.072 0.070 0.067 0.068 0.069 0.069 0.068 0.066 0.064 0.066 0.066 0.066 0.066 0.066 0.065 0.063 0.063 0.065 0.064
0.071 0.073 0.068 0.068 0.069 0.067 0.067 0.066 0.066 0.066 0.068 0.067 0.064 0.066 0.066 0.065 0.065 0.064 0.065
0.069 0.071 0.067 0.067 0.067 0.067 0.067 0.068 0.066 0.066 0.068 0.068 0.065 0.069 0.067 0.065 0.066 0.064 0.063
0.071 0.070 0.068 0.068 0.066 0.065 0.066 0.070 0.066 0.065 0.068 0.067 0.064 0.065 0.064 0.065 0.065 0.063 0.065
0.072 0.071 0.068 0.068 0.067 0.066 0.066 0.068 0.066 0.067 0.066 0.065 0.064 0.065 0.065 0.066 0.064 0.065 0.063
0.069 0.071 0.069 0.071 0.067 0.065 0.067 0.066 0.067 0.065 0.066 0.066 0.065 0.065 0.066 0.065 0.064 0.065 0.064
0.073 0.071 0.070 0.070 0.067 0.066 0.069 0.068 0.067 0.068 0.064 0.067 0.065 0.064 0.066 0.067 0.064 0.064 0.065
0.071 0.070 0.072 0.069 0.067 0.065 0.066 0.066 0.064 0.067 0.067 0.067 0.064 0.065 0.065 0.065 0.067 0.065 0.065
0.071 0.069 0.071 0.068 0.067 0.065 0.068 0.067 0.070 0.067 0.067 0.064 0.066 0.066 0.066 0.066 0.065 0.065 0.068
0.071 0.068 0.070 0.068 0.069 0.066 0.067 0.067 0.069 0.068 0.064 0.068 0.067 0.065 0.065 0.065 0.065 0.064 0.063
0.072 0.069 0.069 0.068 0.068 0.066 0.066 0.066 0.065 0.067 0.065 0.066 0.065 0.068 0.065 0.066 0.064 0.063 0.063
0.070 0.071 0.067 0.068 0.067 0.065 0.069 0.069 0.065 0.066 0.068 0.071 0.065 0.065 0.065 0.064 0.066 0.065 0.065
0.071 0.070 0.069 0.068 0.067 0.066 0.067 0.068 0.068 0.068 0.066 0.065 0.067 0.063 0.066 0.065 0.065 0.064 0.064
0.07143 0.07013 0.06880 0.06813 0.06777 0.06743 0.06697 0.06720 0.06627 0.06633 0.06657 0.06593 0.06500 0.06517 0.06527 0.06500 0.06470 0.06470 0.06450 0.06375
144 
 
• 75 % duty cycle, 4/25/16, ten-hour irrigation interval 
 
 
1 2 3 4 5 6 7 8 9 10 11 12 13 14
0.067 0.068 0.067 0.068 0.067 0.067 0.065 0.066 0.065 0.064 0.064 0.064 0.064 0.063
0.068 0.067 0.065 0.068 0.066 0.067 0.065 0.065 0.066 0.065 0.064 0.064 0.064 0.066
0.068 0.067 0.067 0.068 0.066 0.067 0.064 0.064 0.065 0.065 0.067 0.064 0.064 0.064
0.067 0.068 0.066 0.067 0.066 0.066 0.066 0.063 0.066 0.064 0.062 0.065 0.065 0.064
0.069 0.068 0.066 0.066 0.066 0.067 0.066 0.066 0.065 0.066 0.064 0.064 0.065 0.065
0.067 0.067 0.066 0.067 0.066 0.066 0.066 0.065 0.064 0.065 0.064 0.065 0.064 0.063
0.066 0.068 0.067 0.066 0.067 0.066 0.065 0.065 0.065 0.064 0.064 0.064 0.064 0.062
0.069 0.068 0.066 0.067 0.066 0.065 0.065 0.064 0.066 0.065 0.064 0.065 0.064 0.063
0.068 0.066 0.067 0.066 0.066 0.066 0.066 0.066 0.065 0.067 0.065 0.064 0.065 0.064
0.068 0.067 0.067 0.067 0.066 0.067 0.066 0.066 0.064 0.066 0.068 0.064 0.064
0.067 0.068 0.067 0.066 0.066 0.066 0.066 0.066 0.064 0.067 0.064 0.064 0.063
0.068 0.067 0.067 0.066 0.066 0.066 0.066 0.067 0.064 0.065 0.066 0.064 0.063
0.068 0.067 0.067 0.066 0.065 0.066 0.066 0.065 0.064 0.064 0.064 0.063
0.067 0.067 0.066 0.066 0.066 0.065 0.064 0.064 0.064 0.065 0.063 0.064
0.066 0.067 0.067 0.065 0.066 0.067 0.065 0.065 0.064 0.065 0.064 0.064
0.066 0.067 0.067 0.066 0.066 0.065 0.066 0.064 0.065 0.066 0.064 0.064
0.067 0.066 0.067 0.066 0.066 0.065 0.065 0.065 0.065 0.066 0.065 0.066
0.066 0.068 0.068 0.066 0.065 0.065 0.066 0.065 0.066 0.063 0.063 0.064
0.066 0.066 0.067 0.067 0.066 0.065 0.065 0.064 0.065 0.067 0.063 0.066
0.068 0.066 0.067 0.066 0.066 0.065 0.065 0.064 0.064 0.065 0.064 0.064
0.066 0.067 0.067 0.066 0.065 0.065 0.066 0.064 0.064 0.063 0.064 0.066
0.067 0.068 0.066 0.065 0.065 0.067 0.069 0.064 0.065 0.064 0.064 0.066
0.067 0.066 0.066 0.066 0.064 0.065 0.065 0.064 0.064 0.064 0.066 0.064
0.065 0.068 0.067 0.064 0.065 0.065 0.066 0.062 0.064 0.065 0.067 0.064
0.069 0.067 0.067 0.065 0.066 0.065 0.068 0.063 0.065 0.066 0.062 0.066
0.066 0.067 0.067 0.066 0.065 0.066 0.065 0.064 0.066 0.065 0.064 0.064
0.068 0.066 0.068 0.065 0.065 0.067 0.067 0.064 0.064 0.064 0.065 0.066
0.066 0.067 0.068 0.066 0.065 0.064 0.065 0.063 0.066 0.066 0.066 0.065
0.069 0.068 0.067 0.066 0.066 0.066 0.066 0.064 0.065 0.065 0.064 0.064
0.067 0.067 0.067 0.068 0.066 0.067 0.065 0.064 0.070 0.065 0.064 0.065
0.067 0.067 0.066 0.067 0.066 0.066 0.065 0.063 0.066 0.063 0.064 0.063
0.066 0.066 0.066 0.065 0.065 0.068 0.065 0.065 0.064 0.065 0.065 0.068
0.066 0.067 0.065 0.066 0.065 0.066 0.066 0.064 0.064 0.066 0.064 0.064
0.067 0.066 0.066 0.067 0.065 0.066 0.066 0.065 0.065 0.065 0.062 0.064
0.065 0.066 0.067 0.066 0.066 0.066 0.065 0.064 0.064 0.065 0.067 0.064
0.067 0.068 0.064 0.066 0.065 0.065 0.067 0.062 0.064 0.066 0.064 0.063
0.067 0.067 0.066 0.066 0.066 0.065 0.065 0.063 0.065 0.064 0.065 0.064
0.066 0.067 0.065 0.066 0.065 0.067 0.064 0.064 0.065 0.063 0.064 0.064
0.066 0.068 0.067 0.067 0.065 0.064 0.065 0.067 0.064 0.065 0.063 0.063
0.067 0.067 0.066 0.066 0.066 0.067 0.065 0.064 0.065 0.065 0.064 0.063
0.066 0.067 0.066 0.065 0.066 0.065 0.065 0.064 0.064 0.066 0.065 0.065
0.066 0.068 0.066 0.065 0.066 0.066 0.065 0.065 0.063 0.065 0.063 0.067
0.067 0.067 0.066 0.065 0.065 0.065 0.065 0.066 0.064 0.063 0.063 0.065
0.066 0.067 0.067 0.066 0.066 0.064 0.066 0.063 0.063 0.063 0.063 0.064
0.06767 0.06686 0.06684 0.06661 0.06595 0.06570 0.06559 0.06548 0.06432 0.06484 0.06473 0.06416 0.06443 0.06378
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
0.071 0.065 0.069 0.065 0.065 0.065 0.065 0.065 0.064 0.064 0.064 0.063 0.063 0.064 0.063 0.063 0.063 0.064 0.063 0.064
0.069 0.066 0.065 0.065 0.064 0.065 0.063 0.065 0.064 0.065 0.063 0.063 0.064 0.063 0.063 0.063 0.062 0.063 0.063 0.061
0.070 0.067 0.067 0.066 0.065 0.065 0.065 0.065 0.065 0.065 0.066 0.066 0.063 0.063 0.062 0.061 0.061 0.062 0.063 0.061
0.069 0.065 0.066 0.066 0.067 0.064 0.066 0.064 0.066 0.066 0.067 0.064 0.063 0.063 0.062 0.064 0.063 0.061 0.063 0.063
0.067 0.066 0.066 0.067 0.064 0.063 0.065 0.066 0.065 0.066 0.065 0.064 0.062 0.064 0.063 0.062 0.062 0.062 0.061 0.062
0.069 0.065 0.067 0.065 0.065 0.065 0.065 0.066 0.064 0.065 0.064 0.065 0.062 0.064 0.063 0.063 0.064 0.063 0.061 0.062
0.068 0.066 0.066 0.066 0.065 0.064 0.065 0.064 0.064 0.067 0.063 0.062 0.063 0.063 0.064 0.062 0.061 0.063 0.060 0.062
0.068 0.067 0.066 0.067 0.066 0.065 0.064 0.065 0.064 0.064 0.064 0.064 0.062 0.063 0.062 0.062 0.063 0.062 0.062 0.061
0.067 0.067 0.066 0.066 0.066 0.065 0.064 0.065 0.066 0.065 0.062 0.064 0.064 0.063 0.061 0.062 0.063 0.062 0.062 0.062
0.068 0.066 0.066 0.066 0.064 0.064 0.064 0.064 0.064 0.065 0.066 0.064 0.064 0.064 0.061 0.063 0.063 0.063 0.062 0.063
0.069 0.067 0.066 0.068 0.065 0.065 0.065 0.064 0.064 0.064 0.064 0.064 0.063 0.063 0.062 0.062 0.062 0.062 0.061 0.062
0.068 0.067 0.067 0.066 0.065 0.065 0.065 0.064 0.066 0.064 0.063 0.064 0.065 0.064 0.062 0.063 0.064 0.062 0.062 0.061
0.068 0.067 0.065 0.065 0.067 0.065 0.066 0.064 0.064 0.064 0.065 0.064 0.064 0.064 0.063 0.064 0.062 0.061 0.062 0.061
0.067 0.066 0.066 0.067 0.065 0.065 0.065 0.064 0.064 0.063 0.063 0.063 0.064 0.064 0.062 0.064 0.062 0.063 0.062 0.063
0.068 0.066 0.066 0.066 0.067 0.065 0.065 0.063 0.064 0.066 0.062 0.065 0.064 0.063 0.063 0.064 0.062 0.062 0.062 0.062
0.067 0.066 0.065 0.066 0.065 0.065 0.066 0.064 0.064 0.064 0.065 0.063 0.064 0.063 0.063 0.065 0.063 0.062 0.063 0.061
0.069 0.068 0.066 0.066 0.065 0.064 0.065 0.066 0.065 0.064 0.064 0.064 0.064 0.064 0.064 0.065 0.062 0.062 0.063 0.061
0.068 0.068 0.065 0.065 0.064 0.065 0.065 0.064 0.063 0.065 0.064 0.065 0.064 0.063 0.062 0.063 0.062 0.061 0.060 0.061
0.067 0.066 0.066 0.065 0.066 0.066 0.064 0.063 0.064 0.064 0.064 0.063 0.065 0.062 0.063 0.063 0.061 0.062 0.061 0.063
0.067 0.066 0.065 0.068 0.064 0.064 0.065 0.062 0.064 0.065 0.064 0.063 0.064 0.064 0.063 0.062 0.061 0.062 0.063 0.063
0.066 0.066 0.066 0.065 0.065 0.064 0.065 0.064 0.064 0.065 0.063 0.064 0.064 0.063 0.063 0.063 0.063 0.063 0.063 0.061
0.067 0.065 0.066 0.066 0.065 0.064 0.065 0.066 0.064 0.065 0.064 0.064 0.063 0.064 0.062 0.062 0.062 0.062 0.060 0.062
0.067 0.068 0.066 0.069 0.064 0.065 0.064 0.065 0.065 0.064 0.064 0.063 0.064 0.063 0.062 0.064 0.062 0.063 0.060 0.062
0.067 0.064 0.066 0.065 0.065 0.064 0.065 0.063 0.064 0.064 0.064 0.064 0.062 0.062 0.063 0.063 0.063 0.062 0.062 0.062
0.065 0.069 0.065 0.067 0.065 0.065 0.065 0.065 0.064 0.065 0.064 0.063 0.063 0.064 0.062 0.063 0.062 0.063 0.059 0.061
0.066 0.066 0.066 0.065 0.066 0.064 0.065 0.064 0.065 0.065 0.064 0.063 0.063 0.062 0.064 0.063 0.061 0.063 0.059 0.061
0.066 0.066 0.066 0.064 0.064 0.064 0.065 0.067 0.064 0.064 0.065 0.063 0.064 0.064 0.064 0.063 0.062 0.063 0.060 0.061
0.066 0.066 0.065 0.064 0.064 0.067 0.064 0.064 0.062 0.065 0.064 0.063 0.064 0.063 0.062 0.065 0.063 0.061 0.063
0.066 0.065 0.065 0.064 0.065 0.067 0.064 0.064 0.065 0.063 0.064 0.064 0.063 0.062 0.062 0.062 0.064 0.062 0.061
0.066 0.066 0.066 0.065 0.065 0.065 0.066 0.065 0.066 0.064 0.064 0.064 0.063 0.063 0.061 0.062 0.063 0.063 0.061
0.066 0.066 0.066 0.066 0.066 0.064 0.064 0.065 0.062 0.064 0.064 0.063 0.063 0.064 0.063 0.064 0.064 0.062 0.059
0.067 0.066 0.066 0.065 0.068 0.066 0.064 0.063 0.064 0.065 0.064 0.065 0.063 0.063 0.062 0.064 0.063 0.061 0.061
0.068 0.067 0.066 0.065 0.065 0.065 0.066 0.064 0.064 0.064 0.065 0.065 0.063 0.064 0.063 0.063 0.062 0.060 0.061
0.067 0.068 0.066 0.066 0.065 0.064 0.065 0.065 0.063 0.064 0.065 0.064 0.063 0.063 0.063 0.064 0.063 0.062 0.060
0.067 0.065 0.066 0.066 0.066 0.065 0.065 0.065 0.063 0.065 0.062 0.064 0.063 0.062 0.062 0.062 0.062 0.062 0.061
0.066 0.066 0.066 0.065 0.066 0.064 0.064 0.063 0.063 0.064 0.065 0.064 0.063 0.062 0.062 0.062 0.063 0.062 0.059
0.067 0.067 0.066 0.064 0.068 0.066 0.065 0.064 0.063 0.065 0.063 0.065 0.064 0.063 0.063 0.061 0.062 0.062 0.060
0.065 0.066 0.067 0.065 0.067 0.065 0.064 0.064 0.063 0.066 0.063 0.064 0.063 0.063 0.062 0.063 0.062 0.063 0.059
0.066 0.067 0.066 0.066 0.066 0.064 0.065 0.065 0.065 0.062 0.063 0.064 0.062 0.063 0.061 0.064 0.061 0.061 0.061
0.068 0.066 0.066 0.065 0.066 0.067 0.065 0.063 0.062 0.064 0.064 0.064 0.064 0.064 0.063 0.062 0.062 0.061 0.061
0.066 0.068 0.066 0.064 0.065 0.064 0.065 0.067 0.063 0.064 0.064 0.063 0.062 0.065 0.062 0.062 0.063 0.062 0.060
0.067 0.066 0.066 0.064 0.066 0.065 0.065 0.064 0.064 0.064 0.063 0.063 0.063 0.064 0.062 0.063 0.060 0.062 0.060
0.067 0.067 0.066 0.070 0.064 0.066 0.064 0.063 0.063 0.065 0.065 0.063 0.062 0.063 0.062 0.062 0.062 0.062 0.059
0.067 0.066 0.066 0.065 0.065 0.065 0.064 0.064 0.063 0.064 0.063 0.066 0.066 0.063 0.063 0.063 0.062 0.060 0.061
0.06727 0.06634 0.06598 0.06570 0.06534 0.06484 0.06477 0.06439 0.06400 0.06452 0.06398 0.06384 0.06336 0.06327 0.06248 0.06293 0.06232 0.06207 0.06111 0.06181
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5. SPAD Meter Data 
Abbreviations:  
E - Experimental tray  
C - Control tray  
S - Spider Plant  
MP - Marble Pothos  
GP - Golden Pothos  
SP - Spotted Philodendron 







Tray No. Plant Species 3/7/16 3/14/16 3/21/16 3/28/16 4/4/16 4/11/16 4/18/16 4/25/16 5/2/16
3 (E) S 25.2 27.1 30.9 40.7 60.8 45.6 44.8 39.7 47.8
GP 53.7 54.1 60.1 58.1 41.1 60.4 61 61.9 60.6
MP 45.1 49.7 43.8 46.9 33.6 40 42 46.6 48.6
MP 33.2 31.2 31.7 32.2 43.9 39.5 47.6 55 50.2
HP 38.2 41.1 45.7 44 32.3 44 44.1 45.3 47
SP 32.1 30.6 32.3 32.4 37.4 30.6 24.5 26.8 27.2
4 (E) S 24 27.3 32.4 37.2 59.9 36.3 29.7 40.6 44.1
GP 55.6 55.7 57.5 58.2 58 58.1 59 58.1 59.7
MP 44.1 48 53.9 57.2 38.6 58 60.3 62.7 63
MP 28.4 33.9 37 38 56.8 42.6 40.4 41.4 43.2
HP 52 56.3 57.4 59.3 56.8 56 56.8 57.4 57.1
HP 28.4 33.1 34.2 34.2 31.3 34.8 33.3 32.2 32.8
5 (C) S 26 38.1 39.6 43.5 48.4 49.5 53.4 53.5 57.1
GP 61.1 50.8 60 63.6 65.9 66.4 66.7 64.1 66.5
MP 58.6 55.8 60.2 64.3 69.9 68 64.2 62.2 62.5
MP 15.1 24.1 23.5 27.4 29.7 31 32.2 31.1 31.6
HP 45.2 42.8 46 49.6 50.9 53 54.2 53.4 55.6
HP 38.5 44.7 47.9 49 54.8 58.8 59.2 57.6 59.7
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Additional fertilizer added 
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Appendix G: Biowall Sensors  
Table E.1 lists the sensors used to monitor and control the BW’s operation. An 
analog BAPI BAPI BA/1K [375]-H200-R wall mount sensor measured and recorded the 
air temperature and RH before the BW. A second analog BAPI BA/T1K [20TO120F]-
H200-D-BB in-duct sensor measured and recorded the temperature and RH just after the 
BW. A BAPI ZPT-LR-BB-NT-D differential pressure sensor, monitored and recorded the 
differential pressure across the BW. A binary BAPI BA/LDT1-RR10-BB water leak 
sensor, also connected to the controller, kept a check on any possible water leaks.  
Table E.1 Biowall Sensors 
Parameter Sensor Measurement Range Accuracy 
Temperature 




wall mount sensor 
T: 0 − 100 °F 
RH: 0 − 100% 
T: ±0.065 °F 
RH: ±2% 
Temperature 






T: 20 − 120 °F 
RH: 0 − 100% 











BA/LDT1-RR10-BB Remote Sensor: 40 - 185ºF 
Rope Sensor 32 - 167ºF 
Detector(BB): -40 - 185ºF 
Detection 
within five 
seconds. 
 
